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ABSTRACT 
When designing novel materials for organic photovoltaic (OPV) applications, it is 
important to consider the significance of structural design on both the chemical and 
physical properties of the resulting material. The designed targets should promote efficient 
charge transport along a planar backbone, be solution processable and ideally, both the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) should be able to be easily tuned via synthetic modifications. Using a concise 
synthetic route, a variety of novel semiconducting polymers and small molecules based on 
2,6-di(aryl)benzo[1,2-b:4,5-b']difuran (BDF), an electron donating unit, have been 
developed and characterized. This benzodifuran moiety is of particular interest in this work 
as it is able to be synthesized in concise, high yielding steps and the core structure has the 
potential to be readily modified. Chapters Two through Four will demonstrate the power 
of fine-tuning this molecular species and how a facile synthetic route lends itself to the 
application specific design and development of BDF polymers and small molecules. 
The field of organic electronics primarily focusses on polymers and small 
molecules; however, each of these categories of materials have intrinsic drawbacks. 




parameters such as molecular weight and material uniformity) is almost impossible to 
control. Small molecules, while being very uniform and having a defined molecular 
structure, are difficult to deposit as uniform device films since they are typically not 
solution processed and are, instead, thermally evaporated onto a substrate. As a result of 
these key issues, a material of intermediate size and length, namely oligomers, which 
combine the benefits of small molecules and polymers is highly desired. Towards the 
realization of this goal, the Chapter Five of this work will share various flow reactor designs 






TABLE OF CONTENTS 
DEDICATION  .......................................................................................................... v 
ACKNOWLEDGMENTS ................................................................................................. vi 
ABSTRACT  ........................................................................................................ vii 
TABLE OF CONTENTS ................................................................................................... ix 
LIST OF TABLES  .......................................................................................................... x 
LIST OF FIGURES  ......................................................................................................... xi 
LIST OF SCHEMES  ....................................................................................................... xvi 
LIST OF ABBREVIATIONS ......................................................................................... xvii 
CHAPTER ONE: REVIEW OF ORGANIC SEMICONDUCTORS, 
PHOTOVOLTAICS, AND PEROVSKITE SOLAR CELLS .................................... 1 
CHAPTER TWO: SYNTHESIS OF TWO-DIMENSIONAL DONOR−ACCEPTOR 
COPOLYMERS BASED ON 2,3,6,7-TETRA(THIOPHEN-2-YL)BENZO[1,2-
B:4,5-B']DIFURAN- AND THEIR PERFORMANCE IN POLYMER SOLAR 
CELLS  ........................................................................................................ 32 
CHAPTER THREE: SYNTHESIS OF BENZODIFURAN SMALL MOLECULE NON-
FULLERENE ACCEPTORS FOR USE IN ORGANIC SOLAR CELLS .............. 97 
CHAPTER FOUR: SYNTHESIS OF BENZODIFURAN P-TYPE 
SEMICONDUCTORS FOR USE AS HOLE-TRANSPORT LAYER IN 
PEROVSKITE SOLAR CELLS ............................................................................. 119 
CHAPTER FIVE: SYNTHESIS OF ITERATIVELY GROWN OLIGOMERS: AN 
INSIGHT INTO EFFECTIVE CONJUGATION ................................................... 148 
CHAPTER SIX: CONCLUSIONS ................................................................................. 176 
LIST OF JOURNAL ABBREVIATIONS...................................................................... 177 
BIBLIOGRAPHY ..........................................................................................................  180 





LIST OF TABLES 
Table 2.1 - Polymer Data for Polymers P1-P6 ................................................................. 38 
Table 2.2 - Optical and Electronic Data for Polymers P1-P6 ........................................... 41 
Table 2.3 - Summary of Best Device Performance for Polymers P1-P4 .......................... 42 
Table 2.4 - Averaged Device Data for Polymers P1-P4 ................................................... 43 
Table 2.5 - Average Device Data ...................................................................................... 89 
Table 4.1 - Optical and Electronic Properties Compared to Spiro-OMeTAD Reference 
159........................................................................................................................... 129 
Table 5.1 - Copper Coil Reaction Conditions ................................................................. 153 
Table 5.2 - Solid Support Catalyst Reaction Conditions using Brominated Substrate ... 155 
Table 5.3 - Solid Support Catalyst Reaction Conditions using Iodinated Substrate ...... 157 
Table 5.4 - Fluorinated Ethylene Propylene as an in-stream spacer Reaction Conditions
................................................................................................................................. 158 







LIST OF FIGURES 
Figure 1.1 - HOMO and LUMO Orbital Mixing to yield Optical Bandgap ....................... 3 
Figure 1.2 - Examples of Steric Interactions between Aromatic Rings resulting in 
Twisting ...................................................................................................................... 4 
Figure 1.3 - Aromatic versus Quinoidal Structures ............................................................ 6 
Figure 1.4 - Examples of Common P-Type Donors and Acceptors ................................... 7 
Figure 1.5 - Blending of Frontier Molecular Orbitals ......................................................... 8 
Figure 1.6 - Interdigitated alkyl chains of poly(3-hexylthiophene) as an example of well-
ordered packing in films ............................................................................................. 9 
Figure 1.7 - NREL Best Research-Cell Efficiencies (Adapted from Reference 50) ........ 12 
Figure 1.8 - Charge Transfer Process within Organic Solar Cell (Adapted from Reference 
33) ............................................................................................................................. 13 
Figure 1.9 - Voltage vs. Current Density (J-V Curve) & PCE Equation .......................... 14 
Figure 1.10 - Bi-Layer and Bulk Heterojunction Device Architectures ........................... 17 
Figure 1.11 - PCBM and Small Molecule N-Type Acceptors .......................................... 19 
Figure 1.12 - Three Perovskite Device Architectures ....................................................... 21 
Figure 1.13 - PTAA and Spiro-OMeTAD Hole-Transport Materials .............................. 22 
Figure 1.14 - P3HT, Benzodithiophenes, and other High Performing BDT donor-acceptor 
co-polymers............................................................................................................... 24 
Figure 1.15 - Traditional Synthetic Route for Benzodichalcogen Analogs ...................... 26 
Figure 1.16 - Larock Electrophilic Ring Cyclization using Iodine ................................... 27 
Figure 1.17 - Tang Synthesis of BDF Core (Adapted from Reference 92) ...................... 27 
Figure 2.1 - Solution Normalized Absorbance P1-P6 ...................................................... 40 
Figure 2.2- Film Normalized Absorbance P1-P6 ............................................................. 40 




Figure 2.4 - AFM of Active Layer of Best Performing Devices P1-P4 ........................... 45 
Figure 2.5 - 1H NMR Compound 1 ................................................................................... 60 
Figure 2.6 - 1H NMR Compound 3 ................................................................................... 61 
Figure 2.7 - 1H NMR Compound 4 ................................................................................... 62 
Figure 2.8 - 13C NMR Compound 4.................................................................................. 63 
Figure 2.9 - 1H NMR Compound 5 .................................................................................. 64 
Figure 2.10 - 13C NMR Compound 5................................................................................ 65 
Figure 2.11 - 1H NMR Compound 6 ................................................................................. 66 
Figure 2.12 - 13C NMR Compound 6................................................................................ 67 
Figure 2.13 - 1H NMR Compound 9a ............................................................................... 68 
Figure 2.14 - 1H NMR Compound 9b ............................................................................... 69 
Figure 2.15 - 1H NMR Compound 10a ............................................................................. 70 
Figure 2.16 - 13C NMR Compound 10a ............................................................................ 71 
Figure 2.17 - 1H NMR Compound 10b ............................................................................. 72 
Figure 2.18 - 13C NMR Compound 10b............................................................................ 73 
Figure 2.19 - 1H NMR Compound 11a ............................................................................. 74 
Figure 2.20 - 1H NMR Compound 11b ............................................................................ 75 
Figure 2.21 - 1H NMR Polymer P1 ................................................................................... 76 
Figure 2.22 - 1H NMR Polymer P2 ................................................................................... 77 
Figure 2.23 - 1H NMR Polymer P3 ................................................................................... 78 
Figure 2.24 - 1H NMR Polymer P4 ................................................................................... 79 
Figure 2.25 - AFM Images Active Layers P1 - P4 at 5 and 10 microns ........................... 81 




Figure 2.27 - CV Polymer 2 .............................................................................................. 82 
Figure 2.28 - CV Polymer 3 .............................................................................................. 83 
Figure 2.29 - CV Polymer 4 .............................................................................................. 83 
Figure 2.30 -  DSC Polymer P1 ........................................................................................ 84 
Figure 2.31 - DSC Polymer P2 ......................................................................................... 84 
Figure 2.32 - DSC Polymer P3 ......................................................................................... 85 
Figure 2.33 - DSC Polymer P4 ......................................................................................... 85 
Figure 2.34 - TGA Polymer P1 ......................................................................................... 86 
Figure 2.35 - TGA Polymer P2 ......................................................................................... 86 
Figure 2.36 - TGA Polymer P3 ......................................................................................... 87 
Figure 2.37 - TGA Polymer P3 ......................................................................................... 87 
Figure 2.38 - Highest Performing Devices Polymers P1-P4 ............................................ 90 
Figure 2.39 - Polymer P1 Devices without Additives ...................................................... 90 
Figure 2.40 - Polymer P1 Devices with 2% CN Aadditive .............................................. 91 
Figure 2.41 - Polymer P2 Devices without Additive ........................................................ 91 
Figure 2.42 - Polymer P2 Devices with 1% CN Additive ................................................ 92 
Figure 2.43 - Polymer P3 Devices without Additives ...................................................... 92 
Figure 2.44 - Polymer P3 Devices with 1% CN Additive ................................................ 93 
Figure 2.45 - Polymer P4 Devices without Additives ...................................................... 93 
Figure 2.46 - Polymer P4 Devices with 1% CN Additive ................................................ 94 
Figure 2.47 - Polymer P1 GPC Chromatogram 80°C Chlorobenzene ............................. 95 
Figure 2.48  - Polymer P2 GPC Chromatogram 80°C Chlorobenzene ............................ 95 




Figure 2.50  - Polymer P4 GPC Chromatogram 80°C Chlorobenzene ............................ 96 
Figure 3.1 - ITIC and IDT N-Type Acceptors. Core Unit (Black), π-spacer and/or alkyl 
chains (Blue), Electron Deficient unit (Red), Auxiliaries for further bandgap tuning 
(Green). ..................................................................................................................... 99 
Figure 3.2 - Proposed Structures for Future Work with Fused 2D BDF N-Type 
Semiconductors ....................................................................................................... 104 
Figure 3.3 - Proposed Structures for Future Work with BDF Ladder N-Type 
Semiconductor ........................................................................................................ 108 
Figure 3.4 - 1H NMR Spectra Compound 1 .................................................................... 114 
Figure 3.5 - 13C NMR Spectra Compound 1................................................................... 115 
Figure 3.6 - 1H NMR Spectra Compound 2 .................................................................... 116 
Figure 3.7 – 1H NMR Spectra Compound 3 ................................................................... 117 
Figure 3.8 - 1H NMR Spectra Compound 4 .................................................................... 118 
Figure 4.1 - ABX3 Perovskite Unit Cell (Adapted from Reference ) ............................. 120 
Figure 4.2 - Perovskite Device Architecture................................................................... 121 
Figure 4.3 - Examples of P-Type HTMs ........................................................................ 123 
Figure 4.4 - Normalized absorbance (solid line) and emission (dashed line) spectra 
recorded for Alkyl and Non-Alkyl OMeTADs in solution (CHCl3). ..................... 127 
Figure 4.5 - Normalized absorbance spectra in 10-5M solution (CH2Cl2) and Film 
(10mg/mL). ............................................................................................................. 127 
Figure 4.6 - Energy Diagram of BDF-OMeTADs, Spiro-OMeTAD and CH3NH3PbI3 . 129 
Figure 4.7 - Future BDF OMeTAD Target Molecules ................................................... 133 
Figure 4.8 – 1H NMR 4-bromo-N,N-bis(4-methoxyphenyl)aniline (Br-OMeTAD) ...... 139 
Figure 4.9 - 1H NMR 4-methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan- .......................................................................................................... 140 
Figure 4.10 - 1H NMR Compound 6 ............................................................................... 141 
Figure 4.11 - 1H NMR Compound 7 ............................................................................... 142 
xv 
Figure 4.12 - 13C NMR Compound 7.............................................................................. 143 
Figure 4.13 - 1H NMR Compound 12 ............................................................................. 144 
Figure 4.14 - 13C NMR Compound 12............................................................................ 145 
Figure 4.15 – CV of C10 - BDF-OMeTAD Film ........................................................... 146 
Figure 4.16 – CV of C10 - BDF-OMeTAD Soln. .......................................................... 146 
Figure 4.17 – CV of H - BDF-OMeTAD Film ............................................................... 147 
Figure 4.18 – CV of H - BDF-OMeTAD Soln. .............................................................. 147 
Figure 5.1 - Li Tetramer Synthesis (Adapted from Reference 169) ............................... 150 
Figure 5.2 - Copper Coil Flow Reactor .......................................................................... 151 
Figure 5.3 - Solid Support Catalyst Flow Reactor .......................................................... 154 
Figure 5.4 - Fluorinated Ethylene Propylene as an in-stream spacer Flow Reactor ....... 158 
Figure 5.5 - Fluorinated Ethylene Propylene as an in-stream spacer Dimerization Flow 
Reactor .................................................................................................................... 159 
Figure 5.6 - Optical and MALDI Spectra of Monomer and Dimer Oligomers .............. 161 
Figure 5.7 - Proposed Copper-Free Sonogashira Flow Reactor ..................................... 163 
Figure 5.8 - 1H NMR 1,4-bis(dodecyloxy)benzene ........................................................ 170 
Figure 5.9 - 1H NMR Spectra 1,4-bis(dodecyloxy)-2,5-diiodobenzene ......................... 171 
Figure 5.10 - 1H NMR Spectra 3,3-diethyl-1-(4-((trimethylsilyl)ethynyl)phenyl)triaz-1-
ene ........................................................................................................................... 172 
Figure 5.11 - 1H NMR Spectra 1-(4-((2,5-bis(dodecyloxy)-4-
((trimethylsilyl)ethynyl)phenyl)ethynyl)phenyl)-................................................... 173 
Figure 5.12 - 1H NMR Spectra of  1-(4-((2,5-bis(dodecyloxy)-4-
ethynylphenyl)ethynyl)phenyl)- ............................................................................. 174 
Figure 5.13 - 1H NMR Spectra ((2,5-bis(dodecyloxy)-4-((4-
iodophenyl)ethynyl)phenyl)ethynyl)trimethylsilane .............................................. 175 
xvi 
LIST OF SCHEMES 
Scheme 2.1 - Synthesis of BDF Electron Rich Co-monomers ......................................... 36 
Scheme 2.2 - Synthesis of Electron Deficient Co-monomers BTz, BTD, DPP ............... 37 
Scheme 2.3 - Synthesis of D-A Co-polymers P1-P6 ........................................................ 38 
Scheme 3.1 - Synthesis of Fused 2D BDF Ladder N-Type Semiconductor ................... 102 
Scheme 3.2 - Synthesis of BDF Ladder N-Type Semiconductor ................................... 105 
Scheme 3.3 - Attempted Ring Closures that led to Decomposition ............................... 105 
Scheme 3.4 - Scheme 3.4 - Attempted Metal-Halogen Exchanges ................................ 106 
Scheme 3.5 - Competing Lithiation Pathways when using Related BDF Cores ............ 107 
Scheme 4.1 - Synthesis of TIPS BDF OMeTADs .......................................................... 124 
Scheme 4.2 - Synthesis of C10 – BDF-OMeTAD (Compound 12) ............................... 125 
Scheme 4.3 - Proposed Synthesis for Extended π- spaced BDF HTMs ......................... 131 




LIST OF ABBREVIATIONS 
 
Acronym Description 
AFM Atomic Force Microscopy 
BDF Benzodifuran 
BDT Benzodithiophene 
BHJ Bulk Heterojunction 
BHJ-OSC Bulk Heterojunction Organic Solar Cells 
BTD Benzo[c][1,2,5] thiadiazole 
BTz 2-octyl-2H-benzo[d][1,2,3]triazole  
CV Cyclic Voltammetry 
D-A Donor-Acceptor 
DHB Dihydroxybenzoic acid 
DMA Dimethylacetamide  
DMF Dimethylformamide 
DPP Diketopyrrolopyrrole 
DSC Differential Scanning Calorimetry 
DSSC Dye-Sensitized Solar Cells 
Eg
opt Optical Bandgap Energy 
Et3N  Triethylamine 
ETM Electron Transport Material 
FEP Fluorinated Ethylene Propylene  
FF Fill Factor 
FMO Frontier Molecular Orbitals 
FTO Fluorine-doped Tin Oxide  
GPC Gel Permeation Chromatography 




HTL Hole Transport Layer 
HTM Hole Transport Material 
ICT Intermolecular Charge Transfer 
i-Pr2NH  Diisoproplylamine 
ITO Indium Tin Oxide 
Jsc Short-Circuit Current 
LED Light Emitting Diode 
LUMO Lowest Unoccupied Molecular Orbital 
MALDI Matrix-Assisted Laser Desorption/Ionization 
Mn Number Averaged Molecular Weight 
MO Molecular Orbitals 
Mw Weight Averaged Molecular Weight 
n-BuLi  n-Butyllithium 
NFA Non-Fullerene Acceptors 
NMR Nuclear Magnetic Resonance 
OFET Organic Field Effect Transistor 
OLED Organic Light Emitting Diode 
OPV Organic Photovoltaic 
OSC Organic Solar Cells 
P3HT Poly(3-hexylthiophene) 
PC61BM [6,6]-phenyl-C61butyric Acid Methyl Ester  
PCE power conversion efficiencies 
PDI Poly Dispersity Index 
PEDOT:PSS Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 
PITN Poly(isothianaphthene)  










ss-DSSC Solid-State Dye-Sensitized Solar Cells 
TBAA Tetrabutylammonium Acetate 
Td Decomposition Temperature 
TGA Thermal Gravimetric Analysis 
THF Tetrahydrofuran 
TIPS Triisopropylsilyl  
TLC Thin-Layer Chromatography 
TMSA  Trimethylsilylacetylene 
TPD Thienopyrrolodione 
UPS Ultraviolet Photoelectron Spectroscopy 
UV-Vis Ultraviolet-Visible Absorption Spectroscopy 






CHAPTER ONE:  REVIEW OF ORGANIC SEMICONDUCTORS, 
PHOTOVOLTAICS, AND PEROVSKITE SOLAR CELLS 
 
SECTION ONE: INTRODUCTION TO SEMICONDUCTING MATERIALS 
 Organic semiconductors have made great leaps in power conversion efficiency 
(PCE) with in-depth investigation and modernization beginning in the 1970s since their 
initial reports by Letheby in the mid-1800s.1,2 In 2000, the revolutionary work done by 
Heeger, McDiarmid, and Shirakawa in the 1970s was recognized by the Nobel committee 
and the scientific community. They were awarded the Nobel Prize in Chemistry for the 
discovery and development of conductive polymers.3,4 Significant progress has been made 
in bringing organic semiconducting materials to consumers;5,6 including, but not limited 
to, organic light emitting diodes (OLEDs), 7 , 8  field-effect transistors (OFET), 9 , 10  bio-
sensors,11 small molecule sensors,12 and non-linear optics13. While organic semiconductors 
often underperform when directly compared to inorganic materials on the market today, 
organic materials have a distinct advantage when it comes to mass production and 
manufacturing. 14 , 15  Because of their intrinsic amorphous character, organic 
semiconductors are able to be fabricated using well-established printing or coating 
technologies to generate solar cells on a large commercial scale. This amorphous character 
also lends itself to flexible display applications. Merck Chemicals, for example, created a 
“solar trees” installation that seamlessly integrated photovoltaics into a public spaces as art 
that is both beautiful and functional.16 This demonstrates the potentially impressive role 





Inorganic semiconducting materials are the premier semiconductor materials for 
solar cells and light emitting diodes (LEDs) on the market today. Unfortunately, these 
inorganic materials are rigid, crystalline, and often require backlight sources for LED 
displays.17 As a result of their rigid crystal structures, the finished semiconducting material 
is inherently fragile, susceptible to moisture, and, therefore, has to be manufactured in a 
clean room. 18  The production of inorganic semiconductors requires energy-intensive 
processing.19,20 High purity silicon is converted into well-ordered crystalline sheets at 
elevated temperatures.21  Unlike inorganic semiconductors, organic semiconductors are 
amorphous and can be dissolved in common organic solvents to allow for solution 
processing.15, 22 As a result, organic materials can be fabricated into devices using modified 
printing or depositions techniques such as roll-to-roll printing or spin-coating to mass 
produce organic photovoltaic devices. 23 , 24  In addition to their ability to be solution 
processed, organic materials do not require a rigid substrate support and can be 
manufactured on flexible substrates without the need of backlighting in displays. Finally, 
the electronic properties and energy levels within organic semiconductors are able to be 
modified with relative synthetic ease. This allows for the development synthetic strategies 
that can fine-tune the materials physical, optical, and electronic properties. The ability to 
fine-tune an organic semiconductor’s optical and electronic properties paves the way for 
application specific modification using the same primary core structure. Benzodithiophene 
cores, for example are able to undergo application driven modifications that produce 






 Organic materials are not traditionally thought of as semiconducting materials; 
however, the incorporation of a π-conjugated backbone creates an extended π-network 
throughout the compound that gives the molecule semiconducting properties. Figure 1.1 
is an illustration of the power of conjugation in organic semiconductors using 
polyacetylene (PA) as an example. As polyacetylene’s conjugation is increased by the 
addition of conjugated units, there is a dramatic decrease in the energy required to transition 
from the π to π* orbitals. Eventually, the polyacetylene reaches a point where the optical 
and electronic properties stop shifting resulting in a well-defined bandgap. The highest 
molecular orbital (HOMO) and lowest occupied molecular orbital (LUMO) converge to a 
limit and the material has reached its effective conjugation length.27 As shown in in Figure 
1.1, the molecular orbitals of the fully conjugated organic material are no longer discrete 
HOMO/LUMO FMOs and are now considered to be the valence and conductance bands 





of a typical semiconductor.28 Notably, the bandgap of an organic material will asymptote 
and never go to zero due to a phenomena known as Peierls distortion.29 This asymptotic, 
Peierls distortion phenomenon is a result of the organic material’s various vibrational 
modes, backbone twisting, and electronic transitions between conjugated resonance and 
quinoid forms. Every organic semiconductor displays this behavior; however, the bandgap 
and effective conjugation length are material specific and will vary from material to 
material. 
 The bandgap and optical properties of an organic semiconductor can be tuned and 
refined by synthetic modifications. Such synthetic modifications include the introduction 
or restriction of molecular twisting and/or steric interactions. Furthermore, twisting or 
steric interaction can decrease the π-orbital overlap and, as a result, decrease the effective 
conjugation of the material. As shown in Figure 1.2, there are well known methods to 
introduce or remove twisting and steric interactions to yield the desired conjugation 
pathway. Such methods include selectively incorporating or excluding alkyl chains, 
utilizing non-covalent bonding interactions,30 or systematically fusing a molecule to form 
ladder structures (Figure 1.2).31  
 






 An alternative way to influence the electronic properties of a material is through 
the manipulation of two non-degenerate ground states that result from two different 
resonance forms, namely the aromatic and quinoid forms. 32  Similar to how synthetic 
techniques modify molecular twisting, there are structural modifications that can be 
employed to influence the quinoidal character of a material to fine-tune the material’s 
bandgap. This concept is illustrated in Figure 1.3.33 Benzene polymers, for example, have 
a high-degree of aromaticity primarily due to twisting of the phenyl-phenyl bond. As a 
result, it comes as no surprise that poly(p-phenylene) (PPP) would have a very wide 
bandgap of 3.2 eV. To reduce this bandgap, one could introduce vinyl groups within the 
backbone resulting in poly(p-phenylenevinylene) (PPV). The lowering of this bandgap can 
be explained by the potential for the vinyl groups to reduce twisting and stabilize the 
quinoid form. Furthermore, replacing benzene with a heterocycle also has a significant 
effect on the bandgap. Thiophene, for example, has a much higher preference for the 
quinoid form than benzene, thus, polythiophene (PT) has a significantly reduced bandgap 
of 2.0 eV.33 Other strategies can be employed to promote the stability of the quinoid form, 
such as ring annulation as demonstrated in the synthesis of poly(isothianaphthene) 
(PITN).34 The quinoid form of PITN breaks the aromaticity of the thiophene ring and 
simultaneously creates the more favorable aromatic form of benzene. As a result, there is 







Figure 1.3 - Aromatic versus Quinoidal Structures 
 While modification of twisting and quinoid/aromatic character can tune the 
bandgap, the strategy most commonly employed for bandgap modification is to introduce 
an inductive effect by including electron withdrawing and electron accepting heterocyclic 
monomers throughout the polymer or small molecule backbone.36 Examples of common 
electron-donating and electron-accepting monomers are shown in Figure 1.4. Generally, 
the incorporation of electron withdrawing units includes the addition of functional groups 
such as imines, nitriles, nitro-groups, esters, amides, fluorine atoms and esters. These 
functional groups result in a lowering of the LUMO energy level.37 The HOMO energy 
level can be increased by incorporation of electron-rich or electron-donating monomer 





modification is suitable for the alteration of both donor-acceptor co-polymers and for the 
synthesis of optically tuned small molecules. The synthesis of a push-pull, or donor-
acceptor (D-A), structure is by far the most widely used structural designs implemented to 
control a materials bandgap and electronic properties.  
 
Figure 1.4 - Examples of Common P-Type Donors and Acceptors 
 Donor-acceptor scaffolds exhibit physical and chemical properties that reduce the 
material bandgap through orbital mixing. As shown in Figure 1.5, orbital mixing from the 
donor and the acceptor results in an overall narrowing of the bandgap. Successful 
incorporation of a donor-acceptor design results in a relatively low LUMO and high lying 
HOMO. This elevated HOMO is desirable as it provides oxidative stability in the presence 





character into the electron deficient motif (such as the addition of fluorine onto the electron 
deficient unit) it is possible to systematically increase the inductive effect. This results in a 
subsequent lowering of the LUMO level without a large effect on the HOMO. 
 
Figure 1.5 - Blending of Frontier Molecular Orbitals 
 It is important to recognize the trade-off between crystallinity and processability of 
organic semiconductors when looking to adapt organic conjugated polymers or small 
molecules as commercially viable alternatives to inorganics. Organic materials must retain 
enough crystalline character to encourage charge transport through the device but also be 
soluble enough for solution processing. This is a particularly difficult balance to strike with 
conjugated polymers. There are a number of factors to consider when designing a soluble, 
conjugated donor-acceptor co-polymer. These parameters include molecular weight, 





a material in a common organic solvent decreases as the size or length of the conjugated 
backbone increases. Also, the increase in polymer length directly affects intermolecular 
interactions such as π-π stacking and alkyl chain interdigitation (Figure 1.6). The 
interdigitation parameter is extremely important in device fabrication as it is necessary for 
the material to form smooth, connected, and ordered films to enhance charge transport 
through the device. 
 
Figure 1.6 - Interdigitated alkyl chains of poly(3-hexylthiophene) as an example of well-ordered packing in films 
 Careful consideration must be given when incorporating alkyl chains into a 
semiconductor as a method of enhancing solubility. Unfortunately, too much alkyl 
character will have a two-fold effect. As will be discussed in more detail later in this 
dissertation, alkyl chains often have a large influence on overall device performance since 
they directly affect the material’s film-forming properties. Also, these side chains will 
influence the bandgap of the material and can lead to unfavorable HOMO/LUMO energy 
levels. 41  Consequently, synthetic scientists and engineers must balance solubility and 





have very poor solubility. Although the use of long alkyl chains is not always avoidable, 
there are distinct consequences when choosing to integrate them into a semiconductor 
scaffold or backbone. When considering polymers for solar cells or small molecules for 
OLEDs, the delicate balance of alkyl character and application is not always 
straightforward. For OPV polymers, bulky alkyl chains break up π-π stacking but have a 
negative effect on the overall conductive properties of the device as they introduce 
insolating effects. 42 On the other hand, when considering small molecule OLEDs, bulky 
groups can have a positive effect on an OLED material since the bulky groups can limit 
fluorescence quenching. 43   Although incorporation of alkyl chains into organic 
semiconductors tend to lead to lower thermal stability by lowering the melting point and 
glass transition temperatures (Tg), this is typically not an issue since the transition 
temperatures typically remain above the operating temperature of the device.44 
SECTION TWO:  ORGANIC PHOTOVOLTAICS 
The majority of the electricity supply for the world is generated from fossil fuels 
such as natural gas, oil, and coal.45 However, these energy sources are non-renewable and 
they are becoming depleted at an accelerated rate. As the demand and cost of traditional 
energy sources continues to increase with dwindling supply, there has been a dramatic 
surge in researching renewable energy alternatives such as wind, solar, and 
hydropower.46,47 As the demand for energy has grown, much of the renewable energy 
research has been targeted at leveraging the earth’s abundant sunlight and developing solar 
technology as the premier energy resource. With the global energy requirement for 2050 





provides about 120,000 TW of energy to the earth each year.48 A study published in 1999 
suggested that, if approximately 1600 ft2 of unused desert land in Nevada were covered 
with 15% efficient solar cells, those cells would generate enough energy to power the entire 
United States.49 The current prevailing thought is that the development of highly efficient 
solar cells could directly address the growing global need for electricity utilizing a low-
cost, renewable energy source. 
When looking at the solar cell products available today, silicon devices are among 
the most efficient developed technologies (Figure 1.7).50 Unfortunately, the grade of raw 
silicon products required for the fabrication of solar cell devices are incredibly expensive, 
relatively rare, and require elaborate fabrication techniques that make this technology too 
impractical for large scale, industrial application. Organic materials are relatively low cost 
when compared to their inorganic counterparts and have the potential to be roll-to roll-
printed. This distinct advantage drives the price of organic material based solar cells down 
to a projected cost of $50/m2 vs $350/m2 for the inorganic counterpart for a 10% efficient 
solar cell device.51 As a result, organic photovoltaics (OPVs) are being investigated as a 
less expensive alternative to silicon-based solar cells and tremendous progress has been 
made towards their development for this purpose. Before delving into the synthetic 
methodologies for developing OPV materials, it is pertinent to review the fundamentals of 







Figure 1.7 - NREL Best Research-Cell Efficiencies (Adapted from Reference 50) 
 The charge transfer process in an organic OPV device is summarized in Figure 
1.8.33 When the device is first exposed to sunlight, a photon is absorbed by the active layer. 
The photon then causes a photoexcitation of an electron from the HOMO of the donor (p-
type) to the LUMO of that same p-type material forming a coulombically-bound electron-
hole pair, also known as an exciton. The electron-hole pair then diffuses to a p-type, n-type 
interface or heterojunction to form the charge transfer state complex. Here, the electron is 
transferred into the n-type semiconductor LUMO and the hole remains in the p-type 
semiconductor HOMO. Since the exciton binding energy of an organic material is much 
higher than that of an inorganic material (0.1-1.4 eV vs. less than 0.1 eV respectively), this 
process must be energetically favored for efficient electron transfer. Because organic 
materials have high absorption coefficient (~105 cm-1), only a thin layer of approximately 





recombination.52 Excitons, lasting only about 1 ns, are able to diffuse approximately 10 nm 
before recombination or decay to the ground state. As a result, excitons having to travel 
further than this distance to a p-, n-interface contribute to significant loss in power 
conversion efficiency (PCE) of the device.33  
The overall efficiency of the charge generation process is referred to as the quantum 
efficiency (QE). This parameter represents the ratio of the number of photo-generated 
charge carriers collected by a solar cell versus the number of incident photons.  The QE for 
most solar cells is reduced by recombination events of the exciton pair. Unlike the QE, the 
external quantum efficiency takes into account the energy lost from transmission and 
reflection of the device. As a result, by measuring both the reflection and transmission of 
a device, the external quantum efficiency curve can be corrected to obtain the internal 
quantum efficiency (IQE). The IQE parameter is a more accurate measure of the efficiency 
of photons (that are not transmitted or reflected out of the cell) to generate charge carriers 
within the device. 
 





 Another measure of efficiency is the power conversion efficiency (PCE); a 
measurement of the actual efficiency of the solar cell device. PCE, denoted as (η), is 
dependent on the following factors as measured in the solar cell device: short circuit current 
density (JSC), open circuit voltage (VOC) and the fill factor (FF). The value for PCE is 
calculated using Equation (1) and the representative J-V curve shown in Figure 1.9. 
 
𝜼 =  
𝑱𝑺𝑪∗𝑽𝑶𝑪∗𝑭𝑭
𝑷𝒊𝒏
                                                                         (1) 
 
Figure 1.9 - Voltage vs. Current Density (J-V Curve) & PCE Equation 
 There in an intrinsic charge drift due to the presence of an internal field in the 
absence of an externally applied field (i.e. when voltage is zero). This parameter is the 
short-current density or JSC ; it is the amount of charge carriers produced by the active layer 
and collected by the cell electrodes. Factors that influence JSC include charge-carrier 
mobility, nanoscale interface of the n- and p-type semiconductors, and light absorption of 
the active layer.53 As this parameter is largely dependent on photon absorption and various 
charge pathways through the physical active layer. As a result, the active layer film 






Open circuit voltage (VOC) is a measure of the difference in work function of the 
electrodes and is dependent on the maximum voltage that can be collected from the cell. 
As a result, this parameter is measured in the absence of light or current and corresponds 
to the amount of forward bias on the cell due to the solar cell junction.55 The measured VOC 
is an intrinsic characteristic of the device and can be increased by lowering the HOMO of 
the donor p-type material or raising the LUMO of the n-type acceptor. Historically, 
modification of the VOC has only been achieved by changing the HOMO of the p-type 
semiconductor. However, in recent years, advancements have been made in developing 
new n-type semiconductors to modify the VOC and other device parameters without 
structural modification of the p-type material.55  
The Fill Factor (FF) is defined as the maximum power from the solar cell and is 
determined by both the VOC and JSC. This parameter illustrates the “squareness” of the J-V 
curve and is shown by the yellow square in Figure 1.9. Fill Factor is calculated by the 
following equation:56 
𝑭𝑭 =  
𝑽𝒎𝒑∗𝑱𝒎𝒑
𝑽𝑶𝑪∗𝑱𝑺𝑪
                                                               (2) 
 
In Equation (2), Jmp is the electric current density at maximum power and Vmp is 
the voltage at the maximum power. To achieve high FF values, the shunt resistance should 
be very high to prevent current leaks. Low shunt resistance is an indicator of power loss in 
solar cells as the electrical current is passed through non-desired, low-resistant electrical 
pathways. Additionally, the series resistance should be very small to have a sharp rise in 
the forward current and avoid reduction in FF or JSC.





impacted by the movement of current though the device, the contact resistance of the 
electrode and semiconductor, and the resistance of the top and bottom metal contacts. As 
a result, FF is a numerical value given to the competition between charge recombination 
and collection of the photo-generated charge carriers back to the ground state.58 
SECTION THREE:  PHOTOVOLTAIC DEVICES 
 Organic photovoltaic devices were originally comprised of a single active layer 
inserted between two electrodes, typically indium tin oxide (ITO) and aluminum. In this 
original device architecture, the difference in the work functions of the two electrodes 
creates localized band bending at the electrode/active layer junction. This then results in 
an electric field within the active layer of the device. The electric field is then used to 
separate the excitons generated by absorption of light within the active layer. Once 
separated, a photocurrent is produced as the electrons and electron holes move towards 
their respective electrodes. Since the external field is generated from the difference in the 
electrode work functions and subsequent band bending, the energy was not strong enough 
to overcome the columbic force holding the exciton together (approximately 0.2 eV) in this 
device architecture.59 As a result, the majority of the excitons recombine leading to less 
than ideal efficiency. 
 The first advance in overcoming this rapid recombination event was the 
development of a bi-layer solar cell architecture (Figure 1.10). Here, the device is 
comprised of two different semiconducting materials, a p-type and n-type semiconductor, 
stacked on top of each other. The active layer is paired with electrodes that closely align to 





absorbed, charge separation occurs at the p-, n- interface. In this device architecture, the 
primary driving force behind charge separation is the potential difference between the p- 
and n-type interfaces.60 As previously outlined, the energy offset required for exciton 
diffusion needs to be larger than 0.2 eV which is the binding exergy of the exciton. With 
this bi-layer architecture, the desired energy offset is achieved and results in fewer 
recombination events than with a single layer device. Unfortunately, the generated excitons 
still need to travel great distances (upwards of 100 nm) before reaching the p-, n- interface. 
Because of this, charge collection in a bi-layer device is predominately limited by the 
exciton diffusion length, which is approximately 10 nm. The immense diffusion length in 
a bi-layer device results in poor overall device efficiencies and has led to further 
development of alternative device architectures. 33,58 
 
Figure 1.10 - Bi-Layer and Bulk Heterojunction Device Architectures 
 The most commonly used device architecture today is the bulk heterojunction 
(BHJ) device illustrated in Figure 1.10. In this device architecture, the p- and n-type 
semiconductors are blended together and then spin-coated and deposited directly onto the 
device substrate. By blending the two semiconductors together, a more interconnected 





before encountering a p-, n- interface.33 Although this architecture addresses many of the 
fundamental issues encountered in the bi-layer architecture, ideal interdigitating layers are 
not always formed.61 This can potentially lead to charge traps and isolated recombination 
events in the film as the charge carriers may have to travel too far before encountering an 
electrode interface.62  
 The lack of n-type material development in the field is another significant 
shortcoming of solar cell device design. Typical devices are engineered using an n-type 
fullerene-based phenyl-C(n)-butyric acid methyl esters (PCnBM) semiconductor where the 
n = 61 or 71, depicted in Figure 1.11. Fullerenes, although known for their high electron 
affinity and mobility, have very weak absorption in the visible range. In addition, fullerene 
derivatives are difficult to synthesize and so there are very few fullerene n-type materials 
to choose from to optimize energy level alignment with a p-type conductor. Fortunately, 
this lack of n-type material development has inspired new synthetic developments towards 
the synthesis of polymer and small molecule non-fullerene n-type semiconductors. 63 
Typical fullerene and small molecule based n-type semiconductors are shown in Figure 
1.11. By utilizing small molecule n-type materials instead of PCBM, it is possible to 
develop libraries of n-type semiconductors with well-defined electronic properties. Having 
more options for n-type acceptors in devices allows for device optimization of both the n- 
and p-type material to better develop high performing OPV devices. This allows for the 
device engineer to systematically select p-/n- type semiconducting pairs that have optimal 
energy alignment. Furthermore, development of alternative n-type acceptors eliminates the 





with PCBM HOMO/LUMO levels. This is revolutionary and is paving the way for ideal 
energy alignment between a p- and n- type material in next generation photovoltaics. 
SECTION FOUR:  INTRODUCTION TO PEROVSKITE SOLAR CELLS 
Solid-state organic-inorganic perovskite solar cells (PVSCs) exhibit power 
conversion efficiencies exceeding 22% and, as a result, have captured the attention of 
researchers and industry programs globally.50 The typical architecture includes a 
transparent fluorine-doped tin oxide (FTO) electrode, electron transport material (ETM), 
perovskite active layer, hole transport material (HTM), and bottom electrode. The two most 
common perovskite architectures are shown in Figure 1.12. In all perovskite device 
architectures, the active layer has a crystal structure similar to calcium titanium oxide 
(CaTiO3) and was named after Russian mineralogist Count Lev Alekseevich Perovski. 
Similar to the organic photovoltaic devices previously discussed, the initial development 





of PVSCs started with the conventional device architecture. In this architecture, organic 
PEDOT:PSS is the most widely used HTM because of its high transparency and energy 
level alignment.64,65,66 This architecture enables the use of an indium tin oxide (ITO) coated 
substrate since it does not require extreme heating conditions. Due to the moderate 
processing temperatures and the ability to use ITO, conventional PVSCs can be fabricated 
on flexible substrates.66, 67  Inorganic HTM in conventional PVSC utilized pristine or 
copper-doped NiOX nanoparticles developed from sol-gels and have shown power 
conversion efficiencies upwards of 15%.68 Both conventional and inverted architectures 
can be processed as thin-film structures or as meso-film substructures (Figure 1.12). 
Unfortunately, extreme temperatures ranging from 300 – 500°C are needed to yield the 
mesoporous scaffolding in conventional PVSCs. As a result of these extreme temperatures, 
it is not possible to utilize flexible substrates and FTO on glass backing must be used 
instead. 
In an inverted PVSCs, TiO2 is used as the ETM and, as previously mentioned, a 
thin-film or meso- structure can be developed in this device architecture as well. 
Unfortunately, with an inverted device, the processing temperatures needed to develop the 
desired TiO2 crystal structure are still 300 – 500°C. Since the TiO2 is the top layer in an 
inverted cell, utilizing organic polymers or flexible substrates is essentially impossible at 
such elevated temperatures. Although recent advances have been made to develop low-
temperature TiO2 structures for an inverted PVSC, creating the crystalline TiO2 top 






Figure 1.12 - Three Perovskite Device Architectures 
The history of inorganic perovskite materials goes back to their initial discovery in 
1893;70  however, the modern organic-inorganic perovskite was developed in 2009 by 
Miyaska et al.71  The development of solid-state, dye-sensitized solar cells (ss-DSSC) was 
a major advancement in perovskite solar cell technology and allowed for the modernization 
of these solar cells. In a ss-DSSC, the typical redox electrolyte lithium iodide/triiodide72 
was replaced with an organic, amorphous HTM 2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD), shown in Figure 1.13. 
Transitioning from an electrolyte to a solid state HTM increased charge carrier mobility 
and improved device performance.73 The replacement of this traditional electrolyte HTM 
with the organic spiro-OMeTAD small molecule has led to the development of the organic-
inorganic PVSCs seen in literature today.71,74 Utilizing spiro-OMeTAD as a HTM has led 







Figure 1.13 - PTAA and Spiro-OMeTAD Hole-Transport Materials 
The success of spiro-OMeTAD as an organic HTM in perovskite solar cells has 
inspired other work towards the development of other high performing organic HTMs. To 
date, a record setting 22.1% PCE was achieved by using a method published by Yang, et 
al. that uses formamidinium lead iodide as the perovskite and polytriarylamine (PTAA) as 
hole-transport layer (Figure 1.13 and Figure 1.7).76,77 Although PTAA was thought to be 
a promising hole-transport material, spiro-OMeTAD is still at the focus of PVSC 
investigations due to its superior properties; it is solution processable, has a high melting 
temperature, is amorphous, and has proper energy level alignment with the popular 
CH3NH3PbI3 perovskite material.  Unfortunately, the spiro-core structure is difficult to 
synthesize and the spiro-OMeTAD : perovskite energy alignment for lead-free perovskites 
is not ideal. As a result, research has focused on the development of organic OMeTAD 
derivatives with a synthetically simpler organic core. This not only enables the 
manipulation of the HTM:perovskite energy alignment but also allows for the 





array of OMeTAD HTMs allows for the selection of ideal HTM:perovskite pairs that could 
potentially launch perovskites into the commercial space. As researchers charge ahead in 
the development of new organic p-type HTMs, the key factors to consider are the high 
glass transition temperatures, facile processability, tunable electronic properties, and their 
amorphous characteristics. 
SECTION FIVE:  BENZODIFURANS AND OTHER CHALCOGEN ANALOGS 
 The incorporation of heterocycles into the conjugated backbone as either auxiliaries 
or direct integration into the core is one of the most widely utilized methods for energy 
level modification when designing organic n- or p-type semiconducting materials. By 
reducing the aromaticity of the material with heteroatoms, it is possible to promote the 
quinoidal form along the backbone thereby increasing the charge carrier mobility across 
the material. 78  While there are several examples of integrating heteroatoms such as 
tellurium, oxygen, selenium, and silicon into the electron rich core, the most widely used 
heteroatom is sulfur though the incorporation of thiophene based units.79  Thiophenes, 
having gained great popularity as a result of the initial success of regioregular poly(3-
hexylthiophene) (P3HT),80,81 have dominated the OPV world with the development of 
benzodithiophene (BDT) as an electron donating unit (Figure 1.14). The fused-ring 
structure of the BDT unit lends itself to increasing planarity resulting in increased charge 
transport. Also, there are multiple synthetic routes to develop BDT units. This synthetic 
variability allows for a variety of BDT analogs to be synthesized in quick succession. As a 
result of this synthetic variability, there are extensive literature and synthetic methods 





Thiophene based cores have been of particular interest since these thiophene derivatives 
have a relatively low degree of aromaticity and demonstrate increased ordering when cast 
into films. 82  As a result of the extensive investigation into the BDT cores, 
benzodithiophene-containing donor-acceptor co-polymers are among the highest 
performing materials available today. 83  One of the most renowned BDT polymers, 
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), originally synthesized by the 
Yu group in 2010, is now a benchmark standard for the investigation of different device 
fabrication techniques and architectures due to its highly reproducible device 
performance.84 
 There is an almost overwhelming amount of literature on benzodithiophenes and 
synthetic investigations into the development of their analogs; however, there is precious 
little literature available on the isoelectronic counterpart, benzodifuran (BDF). Furan is an 





attractive alternative to thiophenes as oxygen has an atomic radius that is around 60% that 
of sulfur. This allows the BDF backbone to be highly planar where thiophenes often 
experience some amount of steric interaction and have an approximate 20° twist due to the 
sulfur having a larger atomic radius.79,85 While it is reasonable to expect that the planarity 
of the BDF core would decrease the materials solubility (therefore limiting solution 
processability of the resulting polymers) furans in fact increase solubility when compared 
to their thiophene counterparts. The increase in solubility is attributed to the polarized 
nature of the C-O bond compared to the other chalcogen-carbon bonds resulting in the 
largest dipole moment among the Group 16 elements.86,87,88 Despite some of the benefits 
of incorporating furan units into these structures, furans do have a few drawbacks that 
should be noted. One main disadvantage of integrating furan into an OPV material is that 
the starting furan units are not as stable as thiophenes and can undergo rapid 
decomposition. Additionally, the previously established synthetic techniques for 
developing BDT systems, outlined in Figure 1.15, are not particularly suitable for 
generation of BDF derivatives. The current synthetic methods to construct the BDT cores 
require harsh reaction conditions that are not amenable towards the use of furans in the 
synthetic sequence due to reactivity and instability. 89  As such, alternative synthetic 






Figure 1.15 - Traditional Synthetic Route for Benzodichalcogen Analogs 
 One of the first synthetic routes developed to specifically synthesize benzodifuran 
materials resulted from a collaboration between the Jeffries-EL and Larock groups at Iowa 
State University.90 Here, chemistry developed in Larock’s group in 2005 was modified to 
generate iodocyclized benzodifurans (Figure 1.16). 91  This synthesis enables 
functionalization through the 3 and 3’ position to yield benzodichalcogen substitution 
patterns that were previously unattainable and thus previously unexplored. The 3 and 3’ 
position of the BDF core allows for addition of alkyl or aryl substituents which can further 
improve the solubility of the BDF system. Iodine functional handles also bring forth the 
opportunity for further cross-coupling chemistry and the generation of two-dimensional 






Figure 1.16 - Larock Electrophilic Ring Cyclization using Iodine 
 Additionally, there have been some other initial developments into alternative 
benzodifuran synthetic pathways. Most notably, in 2015, the Tang group at the Nanjing 
University of Science and Technology published a novel route to benzodifurans that 
allowed for direct functionalization of the center benzene ring by way of bromine 
functional handles. 92  By brominating hydroquinone and alkylating with 2-bromo-1,1-
diethoxyethane followed by acid catalyzed ring closure with polyphosphoric acid, they 
were able to generate the 4,8-dibromobenzo[1,2-b:4,5-b']difuran core. Although this 
synthetic route is more direct than previous routes allowing for functionalization off the 
central benzene ring, the 3 and 3’ positions of the furan are still unfunctionalized for 
development of two-dimensional BDF core materials. As a result, the iodocyclization 
synthesis of BDF is the premier way to synthesized functionalized benzodifuran electron-
rich cores. 
 





SECTION SIX:  CONCLUSIONS 
 In summary, great strides have been made towards the development of high-
efficiency organic semiconductors. Although there are still challenges with the 
commercialization of these materials, they still have many potential applications in 
commercial electronics. While current technology generally utilizes inorganic 
semiconductor materials, it is clear that the electronics industry has recognized the 
usefulness and potential of organic semiconductors. Below are a few key points that have 
been discussed and will be further expanded upon through this dissertation. 
 Section One - Introduction to Semiconducting Materials 
o Organic semiconductors offer the key advantage of energy level manipulation 
compared to their inorganic counterparts. 
o The optical and film forming properties can be systematically modified through 
direct synthetic modification. 
o The HOMO and LUMO properties are material specific. As a result, the same 
electronic donating core can be used as a scaffold in a variety of semiconductor 
application. 
 Section Two - Organic Photovoltaics 
o Photovoltaics convert photons into electrical current via photoexcitation of 
electrons. 
o Current solar cells use inorganic materials that are highly crystalline and 





o PCE of a device is derived from the short-circuit current (JSC), open-circuit 
voltage (VOC) and fill-factor (FF). All of these factors are reliant on a variety 
of device and physical parameters and are not independent of each other. 
 Section Three - Photovoltaic Devices 
o Bulk heterojunction (BHJ) cells are the most common organic solar cell 
device architecture used today. 
o With the expansion of n-type acceptor research, there are now many 
avenues to design and engineer devices to ensure proper energy alignment 
of the p- and n-type semiconductors to enhance the PCE of organic solar 
cells. 
 Section Four:  Introduction to Perovskite Solar Cells 
o Solid-state organic-inorganic perovskite solar cells (PVSC) have reached 
PCEs exceeding 22%. 
o PVSCs have many fundamental device principles as organic BHJ devices 
o Both conventional and inverted PVSCs allow for a thin-film or mesoporous 
devices. 
o Inverted architectures are not generally suitable for organic hole-transport 
layers as the top electrode is TiO2
 and must be processed above 300°C. 
o Conventional architectures can allow for solution processability with 






o Many organic and inorganic hole-transport materials have been developed; 
however, spiro-OMeTAD and its derivatives are leading the way in device 
development. 
o Because of their tunable optical and electronic properties along with their 
high glass transition temperatures, traditional p-type organic 
semiconductors are ideal for use in PVSCs. 
o Spiro-OMeTAD is synthetically challenging to synthesize and so research 
into other cores containing the OMeTAD moiety is necessary. 
o By expanding the types of HTMs available, PVSCs may be able to move 
away from lead-based perovskite materials. 
o Expansion of HTM libraries will allow for the development of 
HTM:Perovskite energy pairings that are suitable for commercial 
applications. 
 Section Five:  Benzodifurans and other Chalcogen Analogs 
o The incorporation of heterocycles into conjugated materials narrows the 
bandgap and enhances intermolecular interactions. 
o Benzodichalcogens are isoelectronic and therefore allow for a more direct 
comparison of materials to elucidate structure-property relationships. 
o Incorporation of furan units decreases the aromaticity of the system thus 
allowing the quinoidal form to dominate. This results in increased charge 





o Development of benzodithiophene (BDT) and thiophene containing donor 
p-type materials have dominated the literature. 
o As the design of new BDT materials comes to a close and the focus shifts 
towards device optimization for BDT materials, a new era of investigation 
into furan containing species emerges. 
o The synthetic route developed by the Jeffries-EL group in collaboration 







CHAPTER TWO:  SYNTHESIS OF TWO-DIMENSIONAL 
DONOR−ACCEPTOR COPOLYMERS BASED ON 2,3,6,7-TETRA(THIOPHEN-
2-YL)BENZO[1,2-B:4,5-B']DIFURAN- AND THEIR PERFORMANCE IN 
POLYMER SOLAR CELLS 
SECTION ONE: ABSTRACT 
Six donor-acceptor (D-A) co-polymers were prepared by combining the novel 
electron-donating building block, 2,3,6,7-tetra(thiophen-2-yl)benzo[1,2-b:4,5-b']difuran 
(BDF) with either 2-octyl-2H-benzo[d][1,2,3]triazole (BTz), benzo[c][1,2,5] thiadiazole 
(BTD), or diketopyrrolopyrrole (DPP) as the electron-accepting unit via the Stille cross-
coupling reaction. The alkyl chains on the BDF monomers were varied to increase the 
solubility and to investigate the morphology of the device films. The resulting polymers 
had optical band-gaps between 1.41 and 1.93 eV, and HOMO levels that ranged from -5.46 
to -5.85 eV. The BTz co-polymer showed film absorption bands in the range of 400-625 
nm, while the BDT co-polymer showed a ICT band from 350-450 nm as well as a broad 
absorption in the range of 450-750 nm in solid-state. The DPP D-A co-polymers were the 
most red shifted in both solution and film ranging from 684-792nm. Unfortunately, the 
DPP polymers were not able to be fabricated into OPV devices due to limited solubility in 
dichlorobenzene; however, the four polymers synthesized from BTz and BTD were able to 
be tested in solar cell devices. When the polymers were used as donor materials along with 
PC71BM as the electron-acceptor in bulk-heterojunction photovoltaic cells, power 






SECTION TWO: INTRODUCTION 
 Organic photovoltaics (OPVs) have shown great potential for addressing the 
increasing demand for low-cost, renewable energy sources.93,94,95 Unlike their inorganic 
counterparts, organic semiconductors have optical and electronic properties that can be 
modified through chemical synthesis. Furthermore, because these materials are amorphous, 
they can be fabricated into large area films using solution processing techniques.96, 97 When 
designing these pi-conjugated materials, it is common to adapt a donor-acceptor (D-A) 
arrangement within the backbone, creating a “push-pull” system. The alternation of 
electron-rich moieties and electron-deficient co-monomers hybridizes the frontier 
molecular orbitals (FMOs) within the system, thereby tuning the position of the lowest 
unoccupied molecular orbital (LUMO), highest molecular orbital (HOMO), and the optical 
bandgap.98, 99 Using this approach, it is possible to develop materials with broad absorption 
profiles, low-lying HOMOs, and high charge carrier mobilities in bulk-heterojunction 
(BHJ) OPVs.100,101, 102  
The electron-rich benzo[1,2-b:4,5-b’]dithiophene (BDT) moiety has been 
comprehensively investigated as the electron donating species in D-A conjugated 
polymers.103 , 104 , 105  BDT has a planar backbone which facilitates π – π stacking and 
enhances charge carrier mobilities. As a result, BDT based conjugated materials are among 
the highest performing materials in the field of OPVs and organic field effect transistors 
(OFETs).106,107, 108 Due to the success of BDT based materials in organic semiconducting 
applications, our group has turned its focus towards the development of the oxygen 





isoelectronic to thiophene, furan based materials have a smaller atomic radius which 
reduces steric hindrance and therefore produce more planar materials while also 
demonstrating improved solubility compared to BDT.14 Additionally, the lower Dewar 
resonance energy of furan relative to thiophene makes the formation of quinoidal structures 
more favorable. As a result, BDF containing materials have a smaller bandgap and more 
stabilized HOMO levels in comparison to BDT analogs.111 
Previously, we published the synthesis of a novel BDF monomer 5,5’-(3,7-
didecylbenzo[1,2-b:4,5-b’]difuran-2,6-diyl)bis(4-alkylthiophene-5,2-diyl))bis(trimethyl- 
stannane) and utilized it in D-A co-polymers with 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) 
as the electron deficient moiety.112 Although the absorption profile was strong and broad 
within the 600 – 800 nm range, like many DPP polymers these materials had poor solubility 
that adversely effected thin film formation and ultimately device performance. In another 
report, D-A co-polymers were synthesized by combining the benzo[1,2-b:4,5-b’]difuran 
with 6,6’-dibromo-N,N’-(2-octyldodecanyl)-isoindigo as the electron deficient moiety.113  
In this report, again, the poor solubility of the co-polymer was problematic despite the 
presence of large alkyl substituents off of the BDF core.  
The introduction of aryl substituents to produce a two-dimensional conjugated  
backbone has been shown to improve the performance and solubility of BDT polymers in 
bulk heterojunction OPVs.114, 115 Using aromatic substituents instead of alkyl or alkoxy- 
chains has been shown to broaden absorption profiles and improve intramolecular charge 
transfer (ICT) within the material.116   Some of the most successful examples of two-





functional BDF synthon developed by the Jeffries-EL group using the Larock 
iodocyclization reaction has reactive handles at the 3- and 3’- position. Thus, it can be used 
to produce a novel two-dimensional system. 
Six donor-acceptor co-polymers using a two-dimensional 2,3,6,7-tetra(thiophen-2-
yl)benzo[1,2-b:4,5-b']difuran (BDF) and either 2-octyl-2H-benzo[d][1,2,3]triazole (BTz), 
benzo[c][1,2,5] thiadiazole (BTD), or diketopyrrolopyrrole (DPP) as the co-monomer have 
been synthesized with the previously discussed benefits of benzodifurans and two 
dimensional design in mind. In this work, BTz, BTD, and DPP were chosen for their facile 
synthesis and their respected use in high performing materials. 119 , 120  For the two-
dimensional axillary thiophenes, the alkyl side chains were also varied to further evaluate 
the impact of alkyl chain length on device performance. 
SECTION THREE:  RESULTS AND DISCUSSION 
Synthesis and Characterization 
The synthesis of the benzodifuran monomers are shown in Scheme 2.1. Starting 
with commercially available 1,4-dimethoxybenzene (Compound 1), the material 
underwent iodination followed by Sonogashira cross coupling with trimethylsilylacetylene 
(TMSA) to yield the protected alkyne Compound 4. The alkynes were then deprotected 
and a Sonogashira cross coupling was used with 2-iodothiohene to yield core intermediate 
Compound 6. Triisopropylsilyl (TIPS) groups were then added using n-BuLi and TIPSCl 
for additional solubility of the core (Compound 6). Compound 6 was then ring-closed via 
the Larock iodine-mediated electrophilic cyclization to generate the TIPS-BDF core, 





cross coupling was performed using either alkyl thiophene 8a or 8b to yield Compounds 
9a and 9b. The TIPS groups were then removed and trimethyltin chloride was used to 
install polymerization handles (Compounds 11a and 11b). 
The benzodithiophene literature was surveyed to better understand which electron 
deficient co-monomers would potentially provide the best performance for the preliminary 





BDF polymers. Three promising units were identified: 4,7-dibromo-2-octyl-2H-
benzo[d][1,2,3]triazole (BTz), 4,7-dibromobenzo[c][1,2,5]thiadiazole (BTD), and 
diketopyrrolopyrrole (DPP). These materials were synthesized using literature procedures 
and the routes are summarized in Scheme 2.2. The synthesis of BTz began with the 
alkylation of commercially available 1H-benzo[d][1,2,3]triazole to yield Compound 13. 
The two isomers were then separated and the desired product was brominated to yield the 
co-monomer BTz (Compound 14). The synthesis of BTD began with a ring closure via 
thionyl chloride and trimethylamine to generate Compound 16. Compound 16 was then 
brominated to yield the desired co-monomer BTD (Compound 17). For the synthesis of 
DPP, an alkoxide base was synthesized and then furan-2-carbonitrile and dimethyl 
succinate were cyclized to form the DPP core (Compound 18). Next, the core was 
alkylated then brominated to yield the DPP monomer, Compound 20. 





Donor-acceptor co-polymers were synthesized using Stille cross coupling. The 
synthetic routes are shown in Scheme 2.3 and the resulting polymers and thermal data are 
summarized in Table 2.1. The BDF monomer, Compounds 11a and 11b, were 
polymerized with BTz, BTD, and DPP to yield polymers P1 and P3, P2 and P4, and P5 
and P6, respectively. All six polymers were synthesized in high yields in the chloroform 
fraction ranging from 51-85% after soxhlet extraction. The molecular weights were 
assessed using gel permeation chromatography (GPC) at 80°C using chlorobenzene as the 
Scheme 2.3 - Synthesis of D-A Co-polymers P1-P6 





eluent. All six polymers exhibited molecular weights (Mw) that are sufficiently high and 
ranged from 64-104 kDa. The polydispersity index (PDI) of polymers P1-P6 were narrow 
and ranged from 1.02-1.04 (meaning that the polymers are all quite uniform). The degree 
of polymerization (DPn) for all six polymers range from 52-117 supporting that the 
polymers have all reached and exceeded the effective conjugation length. 
Thermal Properties 
The thermal properties of the polymers were evaluated using thermal gravimetric 
analysis (TGA) and differential scanning calorimetry (DSC). TGA results are summarized 
in Table 2.1 and indicate that 5% weight loss onsets occurred between 365-393°C. DSC 
did not reveal any observable phase transitions for temperatures up to 500°C. This thermal 
data supports that these polymer materials P1-P6 are thermally stable well above the 
operating temperature threshold for organic photovoltaic devices. 
Optical and electrochemical properties 
The normalized absorption spectra for P1 through P6 in dilute solutions and thin 
films are shown in Figure 2.1 and Figure 2.2. The optical data is summarized in Table 2.2 
along with the HOMO level as estimated by cyclic voltammetry from the onset of oxidation 
using the absolute energy level of ferrocene/ferrocenium (Fc/Fc+). Looking first at the 
effect of alkyl chain on optical and electronic properties and comparing the BTz polymers 
P1 and P3, polymer P1 has a slightly blue shifted absorption of 513nm in solution and 
539nm in film compared to the octyldodecyl P3 with absorption maxima of 520nm and 
546nm in solution and film, respectively. The optical bandgap (Eg
OPT) of P1 is slightly 
narrower at 1.89eV compared to P3 with an Eg





deeper at -5.85eV compared to -5.71eV for P3. Looking next at the BTD polymers P2 and 
P4, these polymers both have two broad absorption bands and maxima in both solution and 
film. The ethylhexyl polymer P2, again, has a slightly more blue shifted absorption in both 
solution and film (403, 545nm and 421, 585nm) than the P4 octyldodecyl polymer (417, 
592nm and 437, 622nm). The Eg
OPT of both of these polymers is the same at 1.67eV; 
however, the HOMO of P4 is deeper at -5.82eV than the P2 ethylhexyl polymer at -5.60eV. 
Next, considering the DPP polymers P5 and P6, the absorption of these two polymers is 
very red shifted compared to P1-P4 in both solution and in film. Of these two polymers, 
P5 is slightly more blue shifted in solution and film (684nm and 673nm) compared to the 
octyldodecyl polymer P6 (792nm and 786nm). These two polymers have very similar 
Eg
OPT of 1.41 and 1.46 with HOMO values of -5.46eV and -5.57eV for P5 and P6, 
respectively. 
The next parameter to consider among these polymers P1-P6 is the effect of the 
electron deficient unit on the optical and electronic properties. When comparing the 
ethylhexyl polymers (P1, P2, and P5) with BTz, BTD, and DPP respectively, the π – π* 





transition of P1 is the most blue shifted at 513nm in solution and 539nm in film. The Eg
OPT 
for P1 is also the widest at 1.89eV. Lastly, the HOMO level for P1 is also the deepest at -
5.85eV compared to -5.60eV and -5.46eV for P2 and P5, respectively. When comparing 
the octyldodecyl polymers (P3, P4, and P6) with BTz, BTD, and DPP respectively, the π 
– π* transition of P3, the BTz polymer, is, again, the most blue shifted in solution and in 
film (520nm and 546nm). The BTz polymer, P3 also has the widest bandgap; however, 
unlike the ethylhexyl polymers, the BTD polymer (P4) has the deepest HOMO of -5.82ev 
compared to -5.71eV and -5.57eV for P3 and P6, respectively.  
All six polymers were air stable with HOMO values deeper than the -5.0 to -5.2eV 
threshold. Unfortunately, P5 and P6 exhibited poor solubility in the device fabrication 
solvent, dichlorobenzene, and so were not tested in OPV devices at this time. The device 
data for polymers P1 through P4; however, are discussed below. 
  






The performance of all four of these D-A polymers P1-P4 in OPV devices were 
evaluated using [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) as the n-type electron 
acceptor with a device configuration of ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al. The 
active layers were deposited from 30mg/mL o-DCB and 1-2% 1-chloronapthalene (CN) as 
a high-boiling solvent additive to improve polymer/PCBM blend morphology. The current 
density-voltage curves are shown in the Figure 2.3 for reference. The resulting short circuit 
current density (JSC), open circuit voltage (VOC), fill factor (FF), and power conversion 
efficiency (PCE) for the highest performing devices are summarized in Table 2.3 and the 
average device performance is shown in Table 2.4 for reference. 





Among the devices fabricated without solvent additives, P4 gave the highest PCE 
at 2.92% with the highest FF of 64.86. P4 also demonstrated a moderate VOC of 0.73V and 
moderate JSC of 6.18mA/cm
2 without additives. P1 and P2 gave notably lower efficiencies 
at 1.81% and 1.63% respectively without additives. The lowest performing polymer, P2, 
has a modest VOC at 0.67V but a lower FF of 35.07 and JSC of 6.93 mA/cm
2. The BDF core 
structures with ethylhexyl side chains show an overall decreased performance when 
compared to their octyldodecyl counterparts even though the degree polymerization is 
Figure 2.3 - JV Curves for Highest Performing Devices P1-P4 





relatively consistent when keeping the electron withdrawing unit the same (P1 vs P3, P2 
vs P4). When chloronaphthalene (CN) was used as a solvent additive, there was a marked 
increase in performance for all of the polymers except for P4. Notably, the highest 
performing of the P1 devices required a 2% CN additive compared to 1% for the other 
three polymers. With the additive, P3 was the highest performing device at 2.67%. P4 
decreased in performance with the addition of CN additive and the PCE decreased from 
2.93% to 2.60%. All polymers demonstrated increased or the same VOC and all but P4 saw 
an increase in JSC upon introduction of CN additive. P4 showed a decrease in JSC from 6.18 
to 5.85 mA/cm2. 
 When considering the effect of alkyl character on the BDF core on fill factor, we 
see that, overall, the ethylhexyl polymers P1 and P2 had significantly lower FF than their 
octyldodecyl variants, P3 and P4. On the other hand, P1 and P2 show a significant increase 
in JSC compared to the octyldodecyl polymers, P3 and P4. Next, when comparing polymers 
with different electron withdrawing units, there is a slight increase in performance 
comparing the ethylhexyl BTz polymer (P1) with a maximum PCE of 2.33% to the 
ethylhexyl BTD polymer (P3) with a PCE of 1.75%. Interestingly, this is reversed with the 
octyldodecyl polymers P3 and P4. Here, the octyldodecyl BTD polymer, P4 shows 





To further investigate the performance trends, the morphology of the highest 
performing polymer/PC71BM devices were evaluated using atomic force microscopy 
(AFM) shown in Figure 2.4. When first evaluating the effect of alkyl chain length on the 
BDF donor, it can be noted that P2 and P4 have formed relatively smooth films with root-
mean-square (rms) roughness of 0.56 and 0.74. The OPV performance has increased from 
1.75% with P2 to 2.93% with P4 even though P4 has a slightly higher roughness value 
when compared to its P2 variant. When comparing P1 and P3, it can be noted that P1 has 
a very smooth film compared to its P3 analog with RMS values of 0.51 and 9.9, 
respectively. Although P3 has a very large RMS value, the overall device performance is 
slightly higher than its alkyl analog P1 with PCE values of 2.67% and 2.33% respectively. 
Although it has been reported that a higher RMS value may lead to better photovoltaic 
performance121, it is our suspicion that device films made with P3 may have pinholes 
and/or completely void areas within the films. 
 We next evaluated the effect of the electron accepting species unit within the D-A 
polymer. It can be noted that P1 and P2 have similar RMS values of 0.51 and 0.56 
respectively. Unfortunately, when comparing P3 and P4, the RMS values are too different 
to determine if the slight increase of performance was due to the smoother film or to the 





intrinsic optical properties of the materials. However, it is impressive that P3 has such a 
high PCE of 2.67% considering the severe film defects. In the future, further optimization 
of the P3 device film would be necessary produce truly optimized devices. 
SECTION THREE:  CONCLUSIONS 
A novel series of donor-acceptor co-polymers based on 2-octyl-2H-
benzo[d][1,2,3]triazole (BTz), benzo[c][1,2,5] thiadiazole (BTD), or diketopyrrolopyrrole 
(DPP) as electron deficient units polymerized with two different electron rich, two-
dimensional 2,3,6,7-tetra(thiophen-2-yl)benzo[1,2-b:4,5-b']difuran derivatives were 
synthesized. The alkyl groups in the two-dimensional backbone have been modified 
to compare ethylhexyl and octyldodecyl variants. When considering the effect of the 
alkyl chain on the benzodifuran unit, the two related polymers displayed similar 
optical profiles, optical bandgaps, and degrees of polymerization. When considering 
the effect of the electron accepting unit, the optical profiles and molecular weights 
become quite different. The difference in the optical profiles can be attributed to the 
strength of the electron acceptor unit and the appearance of a strong secondary band 
within P2 and P4 (Figure 2.1 and Figure 2.2). Although the films for P3 were not 
uniform and quite rough, the overall device performance was very competitive with 
the other three polymers with a PCE of 2.67% (Table 2.4 and Figure 2.4). This may 
indicate that the overall device performance could be increased by engineering a 
smoother, more intermixed film without potential pin-hole effects. As for the other 
polymer, they exhibit modest performances of 2.33%, 1.75% and 2.93% for P1, P2, 





alkyl chains has the potential to increase both FF and VOC within OPV devices. This 
investigation demonstrates the importance of balancing the film forming properties 
of OPV materials with the optical properties to elucidate structure property 
relationships to design high performing materials. 
SECTION FOUR:  EXPERIMENTAL METHODS 
Materials 
Air and moisture sensitive reactions were completed using standard Schlenk techniques. 
Solvents used for metal catalyzed reactions were deoxygenated prior to use by bubbling 
with nitrogen through the solvent with vigorous stirring for 30 minutes. SiliaFlash Irregular 
Silica Gels F60 was purchased from Silicyle for purification of materials using silica 
columns. All other chemical reagents were purchased from commercial sources and used 
without further purification unless otherwise noted. The other molecules 4,7-Dibromo-2-
octyl-2H-benzo[d][1,2,3]triazole (BTz, Compound 14),122 4,7-dibromobenzothiadiazole 
(BTD, Compound 17),123 diketopyrrolopyrrole (DPP, Compound 20),124 1,4-diethynyl-
2,5-dimethoxybenzene (2), 125  and 4,4,5,5-tetramethyl-2-(5-(2-octyldodecyl)thiophen-2-
yl)-1,3,2-dioxaborolane (8b)126 were prepared according to literature procedures. 
Characterization 
Nuclear magnetic resonance (NMR) spectra were obtained using CDCl3 unless otherwise 
noted and recorded on an Agilent 500 MHz VNMRS spectrometer with a Varian ultra-
shielded magnet or an Agilent 400 MHz VNMRS unity plus spectrometer with an Oxford 





the residual protonated solvent peak and all chemical shifts are given in ppm (δ) relative to 
the solvent. All gel permeation chromatography (GPC) measurements were performed on 
a separation module equipped with need column information with a RID detector. The GPC 
analyses were obtained at 80°C using chlorobenzene and a flow rate of 1.0 mL/min. 
Calibration was based on polystyrene standards. Thermogravimetric analysis (TGA) 
measurements were performed over an interval of 100-600°C at a heating rate of 10°C min-
1 under nitrogen atmosphere. Differential scanning calorimetry (DSC) was obtained using 
a scan heating rate of 10°C/min between -30°C and 250°C. Cyclic voltammetry was 
performed using an e-DAQ e-corder 410 potentiostat with a scanning rate of 100 mV/s. 
The polymer solutions (5mg/mL in CHCl3) were drop-cast on a platinum electrode. Ag/Ag
+ 
was used as the reference electrode and a platinum wire as the auxiliary electrode. The 
reported values are referenced to Fc/Fc+ (-5.1 eV versus vacuum). All cyclic voltammetry 
experiments were performed in deoxygenated CH3CN under an argon atmosphere using 
0.1 M tetrabutylammonium hexafluorophosphate as the electrolyte. Absorption spectra 
were obtained on a photodiode-array Shimadzu UV-1800 UV spectrophotometer using 
polymer solutions in CHCl3 and thin films. The thin films were made by spin-coating 
25x25x1mm glass slides using solutions of polymer (5mg/mL) in CHCl3 at a spin rate of 
1200 rpm. 
Fabrication of photovoltaic devices 
All organic photovoltaic devices were performed under inert atmosphere and solution 





photovoltaic devices via (ITO)/POLY(3,4-ethylenedioxythiophene): poly(styrene 
sulfonate) (PEDOT:PSS)/polymer:[6,6]-phenyl-C71-butyric acid methyl ester 
(PC71BM)/Ca/Al). ITO glass substrates were cleaned via (1) sonication (Mucasol), (2) 
deionized water, (3) acetone, and (4) isopropanol for 10 minutes each respectively. Slides 
were dried in oven followed by UV-ozone treatment for 15 minutes. PEDOT: PSS layers 
(Clevios P VP Al 4083) were filtered (0.45 μm) and spin coated onto ITO substrates at 
3500 rpm for 2 minutes and annealed for 100°C for 30 min in air. After cooling substrates 
were transferred into nitrogen filled glove box. All polymer:PC71BM were prepared in 1:2 
– 3 and 1:1 blend ratio (20 mg/ml), respectively, with chlorobenzene as processing solvent. 
The prepared solutions were allowed to stir for 24 hrs at 80°C prior to spin coating 1000 
rpm for 2 minutes. Following spin coating, Ca (15 nm) and Al (100 nm) electrodes 
underwent successful deposition via thermal evaporation. Films were also evaluated under 
post thermal annealing conditions at 100°C for 10 minutes. Current-density (J-V) data were 
obtained via Keithley 2400 source meter and simulated AM 1.5G illumination (100 
mW/cm2, Newport 91160) calibrated using a KG-5 filter Si reference cell. 
Synthesis 
1,4-diiodo-2,5-dimethoxybenzene (1).127 In a 500ml round bottom flask, a solution of 
H5IO6 (20.51g, 90mmol) and I2 (45.69g, 180mmol) in CH3OH (200ml) was stirred for 10 
min before 1,4-dimethoxybenzene (20.72g, 150mmol) was added in one portion and heated 
to reflux overnight. The resulting suspension was cooled, filtered, and the solid washed 





MgSO4, filtered, and the solvent evaporated to afford a white crystalline solid (52.64g, 
90% yield). 1H NMR (400 MHz, CDCl3) δ 7.18 (2H, s), δ 3.82 (6H, s). 
1,4-Dimethoxy-2,5-bis[2-(trimethylsilyl)ethynyl]benzene (2). In a dry round bottom 
flask attached to a condenser under nitrogen environment, Compound 1 (19.03g, 50mmol) 
was added along with Pd(PPh3)2Cl2 (0.01 equivalence), CuI (0.02 equivalence), and PPh3 
(0.02 equivalence). The flask was purged and backfilled three times before adding 
deoxygenated THF/i-Pr2NH (2:1) and TMSA (2.2eq) then stirred overnight at room 
temperature. The reaction mixture was then poured into ice and extracted three times with 
dichloromethane. The combined organic layer were then washed with saturated aqueous 
NH4Cl, water, and brine. The organic layer was then dried with MgSO4, evaporated, then 
purified using a silica plug (Hex: DCM (4:1)).  The resulting solid was then recrystallized 
with ethanol to yield a light yellow-white crystalline solid (13.39g, 81% yield). 1H NMR 
(400 MHz, CDCl3) δ 6.91 (2H, s), δ 3.83 (6H, s), δ 0.27 (18H, s). 
1,4-diethynyl-2,5-dimethoxybenzene (3). In a 500ml round bottom flask, Compound 2 
(13.25g, 40 mmol) was dissolved in a 2:1 mixture of dichloromethane and methanol. Then, 
four equivalence of K2CO3 was added to the flask in one portion. The reaction mixture was 
stirred overnight then filtered, poured into water, and extracted with dichloromethane three 
times. The combined organic layers were washed with water, brine, dried with MgSO4, and 
solvent evaporated. The resulting solid was recrystallized using ethanol to yield a light 
yellow solid (7g, 94% yield). 1H NMR (400 MHz, CDCl3) δ 6.98 (2H, s), δ 3.85 (6H, s), δ 





2,2'-((2,5-dimethoxy-1,4-phenylene)bis(ethyne-2,1-diyl))dithiophene (4). A dry round 
bottom flask with a stir bar was attached to a condenser under nitrogen environment and 
charged with Compound 3 (5.44g, 29.21mmol), Pd(PPh3)2Cl2 (0.02 equivalence), CuI 
(0.04 equivalence), and PPh3 (0.04 equivalence). The flask was then purged and backfilled 
with N2 three times before adding deoxygenated THF/i-Pr2NH (2:1) and 2-iodothiophene 
(7.10ml, 64.27mmol) then stirred overnight at room temperature. The reaction mixture was 
then poured into ice and extracted three times with dichloromethane. The combined organic 
layers were then washed with saturated aqueous NH4Cl, water, and brine. The organic layer 
was then dried with MgSO4, evaporated, then purified using a silica plug (Hex: DCM 
(4:1)).  The resulting solid was recrystallized from Hexanes/Ethyl Acetate to yield a yellow 
solid (8.09g, 79% yield). 1H NMR (500 MHz, CDCl3) δ 7.31 (m, 4H), 7.02 (m, 4H), 3.90 
(s, 6H).  13C NMR (126 MHz, CDCl3) δ 13C NMR (126 MHz, cdcl3) δ 153.87, 132.37, 
127.75, 127.27, 123.28, 115.44, 113.28, 89.47, 88.40, 77.41, 77.16, 76.91, 56.58. LRMS: 
351.0 m/z 
(((2,5-dimethoxy-1,4-phenylene)bis(ethyne-2,1-diyl))bis(thiophene-5,2-
diyl))bis(triisopropylsilane) (5). A dry round bottom flask with a stir bar was charged 
with Compound 4 (4.29g, 12.24mmol) and a then purged and backfilled three times. 
Anhydrous THF was then cannulated into the round bottom. The reaction vessel was then 
cooled to -78°C before n-BuLi (2.5 M in hexanes, 10.77ml, 26.93mmol) was added 
dropwise. The green reaction mixture was stirred at -78°C for 1 hour before the dropwise 





room temperature and stirred overnight. The reaction mixture was then quenched with 
water and the solvent removed. The resulting solid was dissolved in CHCl3 and washed 
with NH4Cl, water, and brine. The organic layer was then dried with MgSO4, evaporated, 
then purified by recrystallization from Hexanes/Ethyl Acetate (5.68g, 70% yield). 1H NMR 
(500 MHz, CDCl3) δ 7.39 (d, J=3.53 Hz, 2H), δ 7.15 (d, J=3.5 Hz, 2H), δ 6.99 (s, 2H), δ 
3.88 (s, 6H), δ 1.34 (m, 6H), 1.11 (d, J= 7.44Hz, 36H). 13C NMR (126 MHz, CDCl3) δ 
153.57, 138.10, 135.28, 132.75, 127.74, 115.13, 113.13, 90.41, 88.22, 77.16, 76.91, 76.65, 
56.33, 18.41, 11.65. HRMS: 663.3209 m/z, error 4.0704 ppm. 
((3,7-diiodobenzo[1,2-b:4,5-b']difuran-2,6-diyl)bis(thiophene-5,2-
diyl))bis(triisopropylsilane) (6). A 500ml erlenmeyer flask was charged with Compound 
5 (5.30g, 8mmol) and dissolved in CH2Cl2 then cooled to 0°C. The solution was stirred and 
a solution of iodine (6.09g, 23.98mmol) in 200ml CH2Cl2/Hexanes (3:1) was added 
dropwise over 10 minutes.  Upon completion of the addition, the reaction mixture was 
stirred at 0°C for 4 hours. The cold reaction mixture was then filtered to collect the 
precipitate. The solid was then stirred in hot hexanes, cooled, and filtered once more. The 
yellow solid was then recrystallized from toluene to afford yellow crystals (5.18g, 73% 
yield). 1H NMR (500 MHz, CDCl3) δ 8.08 (d, J=3.60 Hz, 2H), δ 7.45 (s, 2H), δ 7.33 (d, 
J=3.61 Hz, 2H), δ 1.40 (m, 6H), 1.15 (d, J=7.44 Hz, 36H). HRMS: 887.0829, error 3.0437 
ppm. 
2-(2-ethylhexyl)thiophene (7a). A solution of thiophene (1.91g, 22.7mmol) and dry THF 





78°C and 10ml of n-BuLi solution (2.5 M in hexanes) was added dropwise. The solution 
was stirred at -78°C for one hour then quenched with 2-ethylhexyl bromide (4.83g, 
25mmol). The reaction was brought to room temperature and stirred overnight. The 
reaction was then poured into ice, extracted with hexanes three times, washed with water, 
brine, then dried with MgSO4. The solution was then removed via rotary evaporation, and 
the residue was purified by vacuum distillation to give the title compound. Colorless liquid 
(2.81g, 63% yield). 1H NMR (400 MHz, CDCl3) δ 7.11 (d, J = 6.3 Hz, 1H), 6.95 – 6.88 
(m, 1H), 6.76 (d, J = 3.4 Hz, 1H), 2.76 (d, J = 6.8 Hz, 2H), 1.58 (m, 1H), 1.30 (m, 8H), 
0.89 (t, J = 7.2 Hz, 6H). 
2-(2-octyldodecyl)thiophene (7b). A solution of thiophene (1.91g, 22.7mmol) and dry 
THF was added to a in a dry round bottom flask under nitrogen. The solution was cooled 
to -78°C and 10ml of n-BuLi solution (2.5 M in hexanes) was added dropwise. The solution 
was stirred at -78°C for one hour then quenched with 9-(bromomethyl)nonadecane 128 
(25mmol). The reaction was brought to room temperature and then refluxed overnight. The 
reaction was then poured into ice, extracted with hexanes three times, washed with water, 
brine, then dried with MgSO4. The solution was then removed via rotary evaporation, and 
the residue was purified by vacuum distillation to give the title compound. Colorless liquid 
(4.80g, 58%). 1H NMR (400 MHz, CDCl3) δ 7.12 (d, J=5.0 Hz, 1H), 6.93 (dd, J=4.9 Hz, 
3.5 Hz, 1H), 6.78 (d, J=3.3 Hz, 1H), 2.79 (d, J=6.7 Hz, 2H), 1.65 (bs, 1H), 1.47 – 1.12 (m, 






2-(5-(2-ethylhexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (8a). A 
solution of 7a (2.78g, 14.31mmol) in anhydrous THF was cooled to −78°C before n-butyl 
lithium (2.5 M in hexane, 1.2 equivalence) was added dropwise. The reaction mixture was 
allowed to come to 0 °C and stirred for 1h at this temperature. The mixture was cooled 
again to −78 °C and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.2 
equivalence) was added. The reaction mixture was allowed to come to room temperature 
overnight. The solvent was then removed under reduced pressure and the residue dissolved 
in CH2Cl2. The organic layer was then washed with water and brine. The solvent was 
removed in vacuo and the resulting product was used without further purification. Product 
was a clear oil (3.67g, 80%). 1H NMR (400 MHz, CDCl3) δ7.47 (d, J= 3.4 Hz, 1H), 6.84 
(d, J= 3.4 Hz, 1H), 2.79 (d, J= 6.9 Hz, 2H), 1.64-1.56 (m, 1H), 1.37-1.24 (m, 20H), 0.88 
(dd, J= 8.4, 6.4 Hz, 6H). 
4,4,5,5-tetramethyl-2-(5-(2-octyldodecyl)thiophen-2-yl)-1,3,2-dioxaborolane (8b). A 
solution of 7b (4.56g, 12.5mmol) in anhydrous THF was cooled to −78°C before n-butyl 
lithium (2.5 M in hexane, 1.2 equivalence) was added dropwise. The reaction mixture was 
allowed to come to 0°C and stirred for 1h at this temperature. The mixture was cooled 
again to −78°C and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.2 
equivalence) was added. The reaction mixture was allowed to come to room temperature 
overnight. The solvent was then removed under reduced pressure and the residue dissolved 
in CH2Cl2. The organic layer was then washed with water and brine. The solvent was 





was a clear oil (4.78g, 78%). 1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 3.4 Hz, 1H), 6.83 
(d, J = 3.3 Hz, 1H), 2.78 (d, J = 6.6 Hz, 2H), 1.37 – 1.12 (m, 45H), 0.89 (m, 6H). 
General Procedure for Suzuki Cross-coupling Reactions (9a, 9b OLD 6). As round 
bottom flask was charged with Compound 6 (1 equivalence), KOH (10 equivalence), alkyl 
boronic acid pinacol ester (3 equivalence), and Pd(PPh3)4 (0.05 equivalence) in THF/H2O 
(5:1) under nitrogen. The reaction mixture was then heated at 80°C overnight. Next, the 
mixture was poured into 100 mL of water and extracted with CH2Cl2 three times. The 
combined organic extracts were washed with saturated water, NH4Cl, brine, and then dried 
over MgSO4. The solvent was removed in vacuo and the residue was purified by column 
chromatography using hexanes to give products as viscous orange semi-solids (9a, 86%): 
1H NMR (500 MHz, CDCl3) δ 7.60 (s, 2H), δ 7.57 (d, J=3.60 Hz, 2H), δ 7.17 (d, J=3.61 
Hz, 2H), δ 7.12 (d, J=3.40 Hz, 2H), δ 6.86 (d, J=3.39 Hz, 2H), δ 2.85 (d, J=6.69 Hz, 4H), 
δ 1.67 (m, 2H), δ 1.30-1.45 (m, 22H), δ 1.11 (d, J=7.41 Hz, 36H), δ 0.95 (m, 12H). HRMS: 
1023.5139, 1.0747 ppm error. (9b, 81%):  1H NMR (400 MHz, CDCl3) δ 7.60 (s, 2H), 7.56 
(d, J = 3.6 Hz, 2H), 7.17 (d, J = 3.7 Hz, 2H), 7.12 (d, J = 3.3 Hz, 2H), 6.85 (d, J = 3.3 Hz, 
2H), 2.85 (d, J = 6.6 Hz, 4H), 1.71 (m, 2H), 1.36 (m, 70H), 1.11 (d, J = 7.3 Hz, 36H), 0.89 
(m, 12H). 
General Procedure for TBAF Deprotection (10a, 10b OLD 7). A dry one neck round 
bottom flask was charged with 9a or 9b and 100ml of anhydrous THF was. The reaction 
was cooled to 0°C and TBAF (4 equivalence, 1M in THF) was added dropwise over 5 





mixture was then poured into NH4Cl and extracted with chloroform. The extract was 
washed with water three times followed by brine and then dried over MgSO4. The solvent 
was then removed in vacuo and the crude product was purified by column chromatography 
using Hexanes as an eluent. The resulting solid was then recrystallized from ethanol to give 
orange/yellow crystals (10a, 89%): 1H NMR (500 MHz, CDCl3) δ 7.59 (s, 2H), δ 7.51 (d, 
J=4.79 Hz, 2H), δ 7.12 (d, J=3.42 Hz, 2H), δ 7.04 (m, 2H), δ 6.87 (d, J=3.42 Hz, 2H), δ 
2.86 (d, J=6.35 Hz, 4H), δ 1.68 (m, 2H), δ 1.30-1.47 (m, 16H), δ 0.94 (m, 12H).  13C NMR 
(126 MHz, CDCl3) δ 151.17, 148.65, 146.49, 132.58, 129.59, 129.34, 128.23, 127.54, 
126.68, 126.21, 125.76, 110.80, 101.03, 77.41, 77.16, 76.91, 41.66, 34.48, 32.59, 29.07, 
25.84, 23.20, 14.33, 14.29, 11.07. HRMS: 711.2477, error 2.5308 ppm. (10b, 93%): 1H 
NMR (500 MHz, CDCl3) δ 7.58 (d, J = 0.6 Hz, 2H), 7.51 (d, J = 3.7 Hz, 2H), 7.30 (d, J = 
6.1 Hz, 2H), 7.11 (d, J = 3.4 Hz, 2H), 7.07 – 7.00 (m, 2H), 6.86 (d, J = 3.4 Hz, 2H), 2.85 
(d, J = 6.7 Hz, 4H), 1.74 – 1.69 (m, 2H), 1.36 – 1.21 (m, 64H), 0.88 (d, J = 5.1 Hz, 12H). 
13C NMR (126 MHz, CDCl3) δ 151.20, 148.68, 146.51, 132.61, 129.59, 129.36, 128.24, 
127.50, 126.64, 110.83, 40.25, 34.93, 33.51, 32.08, 31.75, 30.19, 29.87, 29.53, 26.84, 
25.44, 22.85, 14.27. HRMS: 1047.6223, error 0.7636 ppm. 
General Procedure for stannylation reaction (11a, 11b OLD 8). Compound 10 was 
added to a dry one neck round bottom flask. The reaction vessel was then charged with 
100ml of anhydrous THF. The reaction was cooled to -78°C and n-BuLi (2.10 equivalence, 
2.5M in Hexanes) was added dropwise. The reaction was stirred at -78°C for one hour then 





temperature and stirred overnight. The reaction mixture was poured into water and 
extracted with dichloromethane. The extract was washed with water three times followed 
by brine. The organic layer was then was removed in vacuo and the crude product was used 
without further purification as an orange semisolid (11a, 83%) (11b, 74%). 11a: 1H NMR 
(400 MHz, CDCl3) δ 7.60 – 7.58 (m, 4H), 7.12 (m, 4H), 6.87 (m, 2H), 1.37 (m, 22H), 0.93 
(m, 12H), 0.38 (s, 18H). 11b: 1H NMR (400 MHz, CDCl3) δ 7.59 (m, 4H), 7.10 (m, 4H), 
6.86 (m, 2H), 1.26 (m, 70H), 0.89 – 0.85 (m, 12H), 0.38 (s, 18H). 
General Procedure for Polymerization with 4,7-dibromobenzo[c][1,2,5]thiadiazole. 
The respective benzodifuran monomer was added to a dry, three neck round bottom flask 
equipped with a stir bar and condenser. 4,7-dibromobenzo[c][1,2,5]thiadiazole was then 
added to the flask followed by Pd2(dba)3 (0.02 equivalence) and P(o-tol)3 (0.08 
equivalence). The flask was then purged and back filled three times with nitrogen. Dry, 
anhydrous toluene was then cannulated in and the reaction was refluxed for three days. On 
the third day, the polymer was end-capped by the addition of excess iodobenzene and 
trimethyl(phenyl)stannane. The reaction was allowed to reflux overnight. The reaction 
mixture was cooled to room temperature before the solvent was removed, the product 
dissolved 5ml of chloroform, and precipitated into 200ml of -78°C methanol. The solid 
was collected and filtered into a soxhlet thimble. The soxhlet was run using methanol, 
acetone, hexanes, and chloroform. The chloroform fraction was precipitated into -78°C 
methanol, purified using a chloroform silica plug, and precipitation into -78°C methanol to 





P1: 1H NMR (500 MHz, CDCl3) δ 8.04 (br, 2H), δ 7.82 (br, 1H), δ 7.45 (br, 4H), δ 7.12 
(br, 2H), δ 6.88 (br, 2H), δ 6.78 (br, 1H), δ 4.79 (br, 2H), δ 2.74-2.90 (br, 4H), δ 2.20 (br, 
2H), δ 1.28-1.71 (br, 28H), δ 0.87-0.98 (br, 15H). 
P3: 1H NMR (500 MHz, CDCl3, δ) 8.08 (br, 2H), 7.84 (br, 1H), 7.58 (br, 2H), 7.43 (br, 
2H), 7.12 (br, 2H), 6.92 (br, 2H), 6.77 (br, 1H), 4.80 (br, 2H), 2.89 (br, 4H), 2.21 (br, 2H), 
1.24-1.39 (br, 76H), 0.86 (br, 15H). 
General Procedure for Polymerization with 4,7-dibromo-2-octyl-2H-
benzo[d][1,2,3]triazole. The respective benzodifuran monomer was added to a dry, three 
neck round bottom flask equipped with a stir bar and condenser 4,7-dibromo-2-octyl-2H-
benzo[d][1,2,3]triazole was then added to the flask followed by Pd2(dba)3 (0.02 
equivalence) and P(o-tol)3 (0.08 equivalence). The flask was then purged and back filled 
three times with nitrogen. Dry, anhydrous toluene was then cannulated in and the reaction 
was refluxed for three days. On the third day, the polymer was end capped using an excel 
of iodobenzene and trimethyl(phenyl)stannane. The reaction was allowed to reflux 
overnight. The reaction mixture was cooled to room temperature before the solvent was 
removed, the product dissolved 5ml of chloroform, and precipitated into 200ml of -78°C 
methanol. The solid was collected and filtered into a soxhlet thimble. The soxhlet 
extraction was performed using methanol, acetone, hexanes, and final chloroform in 
succession. The chloroform fraction was precipitated into -78°C methanol, purified using 






P2: 1H NMR (500 MHz, CDCl3, δ) 8.03 (br, 1H), 7.76 (br, 2H), 7.49 (br, 3H), 7.10 (br, 
3H), 6.92 (br, 2H), 6.77 (br, 1H), 2.75-2.90 (br, 6H), 1.26-1.73 (br, 16H), 0.89-1.06 (br, 
12H). 
P4: 1H NMR (500 MHz, CDCl3, δ) 8.08 (br, 1H), 7.81 (br, 2H), 7.55 (br, 3H), 7.15 (br, 








































































































































































































































































































































































































































































































































































































Figure 2.26 - CV Polymer 1 
 
Figure 2.27 - CV Polymer 2 
 






































Figure 2.28 - CV Polymer 3 
 
Figure 2.29 - CV Polymer 4 
 
  




































Differential Scanning Calorimetry of P1-P4
 
Figure 2.31 - DSC Polymer P2 






Figure 2.32 - DSC Polymer P3 
 






Thermogravimetric Analysis of P1-P4 
 
Figure 2.34 - TGA Polymer P1 
 






Figure 2.36 - TGA Polymer P3 
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Table 2.5 - Average Device Data 








Figure 2.38 - Highest Performing Devices Polymers P1-P4 
 
Figure 2.39 - Polymer P1 Devices without Additives 
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Figure 2.40 - Polymer P1 Devices with 2% CN Aadditive 
 
Figure 2.41 - Polymer P2 Devices without Additive 
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Figure 2.42 - Polymer P2 Devices with 1% CN Additive 
 
Figure 2.43 - Polymer P3 Devices without Additives 
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Figure 2.44 - Polymer P3 Devices with 1% CN Additive 
 
 
Figure 2.45 - Polymer P4 Devices without Additives 















 P3 1% CN
 P3 1% CN
 P3 1% CN
 P3 1% CN
 P3 1% CN
 P3 1% CN
 P3 1% CN
 P3 1% CN
 P3 1% CN
 P3 1% CN
 P3 1% CN
Polymer P3 Devices with 1% CN Additive















 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN
 P4 0% CN






Figure 2.46 - Polymer P4 Devices with 1% CN Additive 
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Figure 2.47 - Polymer P1 GPC Chromatogram 80°C Chlorobenzene 
 
 







Figure 2.49 - Polymer P3 GPC Chromatogram 80°C Chlorobenzene 
 




CHAPTER THREE:  SYNTHESIS OF BENZODIFURAN SMALL MOLECULE 
NON-FULLERENE ACCEPTORS FOR USE IN ORGANIC SOLAR CELLS 
SECTION ONE: ABSTRACT 
The synthesis of two classes of novel small molecule non-fullerene acceptors based 
on the 2,6-di(thiophen-2-yl)benzo[1,2-b:4,5-b']difuran (BDF) core have been proposed. In 
the first class, the axillary thiophene rings on the two-dimensional BDF molecule described 
in previous chapters were fused together to generate a novel rigid core structure. This fused 
structure will undergo further functionalization to attach electron-deficient heterocycles to 
generate the proposed small molecule n-type materials. In the second class, the previously 
discussed TIPS-BDF core is functionalized using Grignard chemistry. The final fused core 
structure will be generated by an acid catalyzed ring closure and then end-capped with an 
electron-deficient heterocycle. The effect of the auxiliary units on both classes of fused 
BDFs will be investigated by varying the substituents used. The similarity of the central 
BDF core within these systems will enable an investigation into the effect of planarity on 
the materials properties. These systems will also be compared to the well-known 
benzo[1,2-b:3,4-b':6,5-b'']trithiophene unit. 
SECTION TWO: INTRODUCTION 
Fullerene based acceptors, namely phenyl-C61-butyric acid methyl ester (PC61BM) 
and phenyl-C71-butyric acid methyl ester (PC71BM) are the most commonly used n-type 
electron transport materials in bulk heterojunction (BHJ) solar cell devices today.129,130 
These materials have generated devices with power conversion efficiencies (PCEs) well 
over 12% when combined with either polymeric or small molecule p-type donor 
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materials. 131  Unfortunately, further improvement in device performance is arduous 
because of numerous intrinsic disadvantages of fullerene and its derivatives. These 
drawbacks include: weak light absorption in the visible spectra, a tendency for molecular 
aggregation, difficulty modifying them with traditional synthetic techniques and 
subsequent difficulty in adjusting or tuning the electronic properties of the fullerene. 
Because of these inherent issues, researchers are investigating small molecule non-
fullerene acceptors (NFAs) which have shown to be promising alternatives to fullerene-
based acceptors.132,133  
Ladder-like NFAs are of particular interest and traditionally contain a central, 
fused-ring core structure. These materials have received a great deal of attention due to 
the success of indaceno[1,2-b:5,6-b']dithiophene (IDTT),134,135 3,9-bis(2-methylene-(3-
(1,1-dicyanomethylene)-indanone))5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2',3'-
d']-s-indaceno[1,2-b:5,6-b']dithiophene (ITIC),136 and indacenodi-[3,2-b]-thiophene 
(IDT)137 core-based acceptors in organic solar cells (OSCs) (Figure 3.1). 
Ladder NFAs tend to have extended absorption into longer wavelengths, high 
charge mobilities, and form intermixed domains with both polymers and small 
molecules.138 These features result in improved light harvesting, charge transfer and 
exciton formation, respectively contributing to improved device performance.  An 
additional advantage of these materials is the current modular synthetic strategy of 
producing these small molecules in which the key portions are synthesized individually 
and then cross-coupled to the larger core to generate the small molecule target. This 
technique typically connects a conjugated electron rich core unit, a π-spacer 
99 
(often with additional alkyl chains), and two electron deficient units (typically rhodanine 
or malononitrile derivatives) to form the n-type small molecule in high yields and with 
improved overall purity.139,140,141 Examples of these various conjugated NFA components 
are highlighted in Figure 3.1. 
Figure 3.1 - ITIC and IDT N-Type Acceptors. Core Unit (Black), π-spacer and/or alkyl chains (Blue), Electron 
Deficient unit (Red), Auxiliaries for further bandgap tuning (Green). 
In this work, modifications to the electron rich 2,6-di(thiophen-2-yl)benzo[1,2-
b:4,5-b']difuran (BDF) core have been proposed which make the resulting material 
suitable for use as an n-type ladder NFA ( 
Figure 3.1). Two distinct ladder systems are proposed which use the iodocyclized TIPS-





is to be synthesized starting with the two-dimensional BDF molecule discussed in Chapter 
2. The two axillary thiophenes of this intermediate are then oxidative cyclized to form an 
extended ladder system. The second NFA system synthesis involves the use of Grignard 
addition into a variety of commercially available ketones. The resulting alcohol can then 
be cyclized using an acid mediated Friedel-Crafts reaction to yield the second series of 
linear ladders.  Each of these systems will then be end-capped with either rhodanine or 
malononitrile derivatives to yield our final NFA molecules. Herein, the full synthesis of 
these two novel ladder systems will be discussed and the steps toward their derivatization 
proposed. 
SECTION THREE:  FUSED TWO-DIMENSIONAL BENZODIFURANS 
Synthesis 
 The route for the synthesis of our first preliminary n-type semiconductor is outlined 
in Scheme 3.1. The initial fused system began with the synthesis of the iodocyclized core 
(Compound 1) followed by Suzuki cross coupling with 2-(5-(2-ethylhexyl)thiophen-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane to yield the two-dimensional molecule 
Compound 2 previously discussed in Chapter 2. Next, an oxidative ring closure was 
performed utilizing FeCl3 at 0°C to yield the fused core Compound 3. The last steps of the 
proposed synthesis for the target molecule (Compound 7) involves a deprotection step 
utilizing TBAF to allow for further functionalization of the 5- position of the thiophene 
core structure (Compound 4). Next, an aldehyde functional handle will be installed 





condensation with 2-(3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile to yield the 











Future Work - Fused 2D Benzodifurans 
 Future work for this project utilizing the fused two-dimensional core includes 
synthesizing new derivatives with different alkyl chain lengths on the two-dimensional 
benzodifuran core. This structural modification will allow for increased solubility and 
thereby improve solution processability of our materials. Compound 4 shown above is 
soluble in common organic solvents, such as chloroform; however, the final molecule, 
Compound 7, is larger and bears the same number of alkyl chains, which may render the 
final material insoluble. The solubility of Compound 7 will have a dramatic effect on the 
materials film forming properties and the size of the domains of the mixed film devices 
both of which impact device performance. As a result, it is important to investigate 
different alkyl substitution patterns and lengths to understand the optimal alkyl character 
needed for solution processing. As mentioned in Chapter 1, solution processability is a key 
factor in organic electronic devices since the n-type and p-type materials are blended 
together in solution and then spin-coated onto the device substrate. Additional alkyl 
character increases solubility; however, one must be mindful and strategic about adding an 
excessive amount of alkyl chains as these directly impact the p-, n- docking interface that 
is critical for charge transfer between the two materials.  
 Lastly, the future work includes the investigation into the end-capping unit. By 
installing different end units, it is possible to fine-tune the bandgap of the n-type materials. 
The synthetic ease of attaching different ending units to alter the optical and electronic 
properties of this material is one of the most impressive and promising driving forces 





selection of proposed Future Work structures that highlight the flexibility of this BDF NFA 
system are shown in Figure 3.2. 
 
Figure 3.2 - Proposed Structures for Future Work with Fused 2D BDF N-Type Semiconductors 
 
SECTION FOUR: LADDER BENZODIFURANS 
Synthesis 
The route for the synthesis of our second preliminary n-type semiconductor is 
outlined in Scheme 3.2. To develop the core system, the synthesis started with Compound 
1, the synthesis of which is outlined in Chapter 2 of this Dissertation. Next, a turbo-
Grignard was be used to facilitate addition into heptadecan-9-one to yield Compound 8. 
The cyclized core (Compound 9) was synthesized through the use of boron trifluoride 





attempted; however, this led to rapid decomposition of Compound 8 due to high 
temperature of 85°C and long reaction times upwards of 20 hours (Scheme 3.3). 
 
Scheme 3.3 - Attempted Ring Closures that led to Decomposition 





Alternatives to a turbo-Gringnard were also investigated. Although traditional 
Grignard conditions may be used, it was found that the magnesium-iodine exchange was 
not sufficient to facilitate the desired addition into the ketone thus resulting in low yields 
(trace – 10%) (Scheme 3.4). Lithium chemistry was also attempted, however, the majority 
of the product obtained from lithium-halogen exchange was dehalogenated starting 
material and so the reaction was not productive. Another deterrent to utilizing lithium-
halogen exchange is the increased reactivity of n-BuLi as a base. Although n-BuLi would 
not produce unwanted deprotonation within this particular BDF core, various other related 
targets leaves the 5- position of the core thiophene exposed (Scheme 3.5). Since this site 
is more reactive, utilizing n-BuLi would lead to deprotonation rather than promoting the 
desired halogen exchange (Scheme 3.5). Although this can be circumvented with the 
installation of protecting groups, it is worthwhile to investigate all efficient avenues that 
follow a single synthetic method to develop a family of NFA ladders regardless of 
alkylation pattern on the BDF central core. 







Future work for this project includes additional alkyl studies on the central 
benzodifuran core and experimenting with both aryl and alkyl ketone derivatives. 
Investigation of this structural modification will allow for increased solubility, increased 
solution processability, and fine-tuning of the HOMO – LUMO bandgap through careful 
selection of ketone partner. Alkyl substitution patterns within the core backbone and the 
ketone derivatives will each have a dramatic impact on the materials film forming 
properties. As a result, an investigation of the alkyl substitution within the BDF core and 
auxiliary units introduced through the ketone addition are necessary to optimize device 
films and performance. 
 Lastly, as with the fused two-dimensional BDF structure, future work will include 
varying the end-capping unit. By manipulating this structural component, it is possible to 
fine-tune the bandgap of the n-type material. The resultant materials can be used in OSC 
and their performance evaluated and compared with the performance of the fused two-
dimensional unit, Compound 7, discussed previously. A selection of proposed Future 
Work structural targets which showcase the flexibility of this ITIC-like BDF ladder system 
are shown in Figure 3.3. 







Figure 3.3 - Proposed Structures for Future Work with BDF Ladder N-Type Semiconductor 
 
SECTION FIVE:  GENERAL CONCLUSIONS 
 Historically, fullerene based n-type acceptors have been the most commonly used 
electron transport materials in bulk heterojunction solar cell devices. While these materials 
have key benefits such as high electron affinity and mobility, their intrinsic drawbacks 
leaves room for improvement and further development of next generation n-type materials. 
Benzodifuran has the potential to lead the way in next generation acceptor materials. 
Unlike the commercially available ladder n-type acceptors, BDF cores are synthesized in 
high yields with relatively few steps when compared to other NFA synthetic routes. 
Furthermore, BDF NFAs can be purified by traditional chromatography methods, reducing 
the cost of preparing them. 
 In this work, two types of ladder families have been discussed; namely, a 
modification of our previously synthesized two-dimensional BDF core in which the 





system. While both of these systems are structurally different, they highlight the inherent 
flexibility of utilizing BDF cores in a variety of applications. Future work for this project 
includes the continued synthesis of our preliminary systems and an in-depth investigation 
into how simple structural modifications may alter device parameters and overall 
performance. 
SECTION SIX:  EXPERIMENTAL 
Materials 
Tetrahydrofuran (THF), diethyl ether, and toluene were dried using an Innovative 
Technologies solvent purification system. Anhydrous dichloromethane was purchased 
from Sigma Aldrich. All other chemical reagents were purchased from commercial sources 
and used without further purification unless otherwise noted. 
Characterization 
Nuclear magnetic resonance (NMR) spectra were obtained using CDCl3 and 
recorded on an Agilent 500 MHz VNMRS spectrometer with a Varian ultra-shielded 
magnet or an Agilent 400 MHz VNMRS unity plus spectrometer with an Oxford 
Instruments superconducting magnet as indicated. The 1H and 13C NMR spectra were 
internally referenced to the residual protonated solvent peak and all chemical shifts are 
given in ppm (δ) relative to the solvent. 
Synthesis 
((3,7-diiodobenzo[1,2-b:4,5-b']difuran-2,6-diyl)bis(thiophene-5,2-






diyl))bis(triisopropylsilane)  (5.30g, 8mmol) and dissolved in CH2Cl2 then cooled to 0°C. 
The solution was stirred and a solution of iodine (6.09g, 23.98mmol) in 200ml 
CH2Cl2/Hexanes (3:1) was added dropwise over 10 minutes.  Upon completion of the 
addition, the reaction mixture was stirred at 0°C for 4 hours. The cold reaction mixture was 
then filtered to collect the precipitate. The solid was then stirred in hot hexanes, cooled, 
and filtered once more. The yellow solid was then recrystallized from toluene to afford 
yellow crystals (5.18g, 73% yield). 1H NMR (500 MHz, CDCl3) δ 8.08 (d, J=3.60 Hz, 2H), 
δ 7.45 (s, 2H), δ 7.33 (d, J=3.61 Hz, 2H), δ 1.40 (m, 6H), 1.15 (d, J=7.44 Hz, 36H). 13C 
NMR (126 MHz, CDCl3) δ 151.75, 151.17, 137.45, 136.82, 136.23, 132.06, 128.12, 
102.71, 77.41, 77.16, 76.91, 60.81, 18.74, 11.97. HRMS: 887.0829, error 3.0437 ppm. 
2-(2-ethylhexyl)thiophene. A solution of thiophene (1.91g, 22.7mmol) and dry THF was 
added to a in a dry round bottom flask under nitrogen. The solution was cooled to -78°C 
and 10ml of n-BuLi solution (2.5 M in hexanes) was added dropwise. The solution was 
stirred at -78°C for one hour then quenched with 2-ethylhexyl bromide (4.83g, 25mmol). 
The reaction was brought to room temperature and stirred overnight. The reaction was then 
poured into ice, extracted with hexanes three times, washed with water, brine, then dried 
with MgSO4. The solution was then removed via rotary evaporation, and the residue was 
purified by vacuum distillation to give the title compound. Colorless liquid (2.81g, 63% 
yield). 1H NMR (400 MHz, CDCl3) δ 7.11 (d, J = 6.3 Hz, 1H), 6.95 – 6.88 (m, 1H), 6.76 






2-(5-(2-ethylhexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. A solution 
of 7a (2.78g, 14.31mmol) in anhydrous THF was cooled to −78°C before n-butyl lithium 
(2.5 M in hexane, 1.2 equivalence) was added dropwise. The reaction mixture was allowed 
to come to 0 °C and stirred for 1h at this temperature. The mixture was cooled again to −78 
°C and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.2 equivalence) was 
added. The reaction mixture was allowed to come to room temperature overnight. The 
solvent was then removed under reduced pressure and the residue dissolved in CH2Cl2. The 
organic layer was then washed with water and brine. The solvent was removed in vacuo 
and the resulting product was used without further purification. Product was a clear oil 
(3.67g, 80%). 1H NMR (400 MHz, CDCl3) δ7.47 (d, J= 3.4 Hz, 1H), 6.84 (d, J= 3.4 Hz, 
1H), 2.79 (d, J= 6.9 Hz, 2H), 1.64-1.56 (m, 1H), 1.37-1.24 (m, 20H), 0.88 (dd, J= 8.4, 6.4 
Hz, 6H). 
General Procedure for Suzuki Cross-coupling Reactions (2). As round bottom flask 
was charged with Compound 1 (1 equivalence), KOH (10 equivalence), alkyl boronic acid 
pinacol ester (3 equivalence), and Pd(PPh3)4 (0.05 equivalence) in THF/H2O (5:1) under 
nitrogen. The reaction mixture was then heated at 80°C overnight. Next, the mixture was 
poured into 100 mL of water and extracted with CH2Cl2 three times. The combined organic 
extracts were washed with saturated water, NH4Cl, brine, and then dried over MgSO4. The 
solvent was removed in vacuo and the residue was purified by column chromatography 
using hexanes to give products as viscous orange semi-solids (86%): 1H NMR (500 MHz, 





J=3.40 Hz, 2H), δ 6.86 (d, J=3.39 Hz, 2H), δ 2.85 (d, J=6.69 Hz, 4H), δ 1.67 (m, 2H), δ 
1.30-1.45 (m, 22H), δ 1.11 (d, J=7.41 Hz, 36H), δ 0.95 (m, 12H). HRMS: 1023.5139, 
1.0747 ppm error. 
Compound 3:  To a solution of Compound 2 (720mg, 0.70 mmol) in 150 mL of anhydrous 
dichloromethane was added a solution of FeCl3 (912 mg, 5.63 mmol) in CH3NO2 (10 mL) 
at 0°C. The reaction was monitored by TLC every 5 minutes. After 20-30 minutes, 30 mL 
of methanol was added to quench the reaction. The mixture was extracted with DCM 
washed with brine, saturated aqueous NH4Cl, and then dried over MgSO4. After removal 
of the solvents under reduced pressure, the residue was recrystallized with Hexanes: DCM 
to give 3 as an orange solid. Yield: 322 mg, 45%. 1H NMR (400 MHz, CDCl3)  δ 8.32 (s, 
2H), 7.95 (s, 2H), 7.59 (s, 2H), 3.05 (d, J = 7.0 Hz, 4H), 1.85 (s, 2H), 1.53 – 1.30 (m, 22H), 
1.23 (d, J = 7.4 Hz, 36H), 1.00 (t, J = 7.4 Hz, 6H), 0.94 (t, J = 7.0 Hz, 6H). 
Compound 4:  Compound 1 was added to a dry, 2 neck round bottom flask equipped with 
a stir bar and condenser. Anhydrous diethyl ether was cannulated into the flask. The 
reaction vessel was then cooled to 0°C in an ice bath. Freshly prepared i-PrMgBr – LiCl (3 
equivalence) was added dropwise to the solution. The solution was stirred at room 
temperature for 2 hours. The reaction was then quenched with (3 equivalence) of 
heptadecan-9-one in anhydrous diethyl ether and refluxed overnight. The reaction was 
cooled to room temperature, poured into water, and extracted with dichloromethane. 
Organic layer was acidified with 2M HCl then washed with water and brine three times. 





chromatography with hexanes as an eluent. 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 3.4 
Hz, 2H), 7.18 (d, J = 3.4 Hz, 2H), 6.99 (s, 2H), 5.46 (s, 2H), 2.41 (t, J = 7.5 Hz, 8H), 1.38 






SECTION SEVEN:  SPECTRAL CHARACTERIZATION 
NMR Figures 
 





















































































































































CHAPTER FOUR:  SYNTHESIS OF BENZODIFURAN P-TYPE 
SEMICONDUCTORS FOR USE AS HOLE-TRANSPORT LAYER IN 
PEROVSKITE SOLAR CELLS 
SECTION ONE: ABSTRACT 
A series hole-transport materials (HTMs) based on 2,6-di(thiophen-2-yl)benzo[1,2-
b:4,5-b']difuran have been synthesized and characterized for their optical, electronic, and 
thermal properties. The synthesis of these novel HTMs utilized a concise synthetic route 
to generate the benzodifuran core then subsequent functionalization and cross coupling 
with 4-methoxy-N-(4-methoxyphenyl)-N-phenylaniline (OMeTAD) subunits to yield the 
series discussed herein. The benzodifuran core was kept consistent to investigate the effect 
of the auxiliary thiophenes and subsequent alkylation patterns on the efficiency of the 
HTM. Furthermore, by maintaining the central BDF core, it is possible to investigate the 
effect of OMeTAD substitution on the performance of the material as a HTM in traditional, 
mesoporous perovskite solar cells. 
SECTION TWO: INTRODUCTION 
 Organic semiconductors have recently emerged as an elite class of hole-transport 
layer materials in organic-inorganic perovskite solar cells (PVSCs). Perovskites were first 
introduced as photovoltaics by Miyaska in 2009. 143 , 144  In this pioneering work, a 
methylammonium lead halide perovskite was infiltrated onto a mesoporous TiO2. The 
initial PVSCs devices based on this material demonstrated a power conversion efficiency 
(PCE) of 3.8%. Over the last decade, the performances of perovskite-based solar cells have 





facile, low-tech fabrication process makes perovskite solar cells a promising next-
generation solar cell technology. 
Hybrid organic-inorganic perovskites combine the benefits of both organic and 
inorganic semiconducting materials. These properties include exceptional light harvesting 
properties such as wide absorption in the visible spectrum, long exciton lifetimes and 
diffusion lengths, tunable electronic properties, and the ability to be solution 
processed.146,147,148  The ABX3 perovskite structure lends itself to easy modification by 
anion and/or cation substitution and is shown below in Figure 4.1. In this structure, the A 
position is generally an organic cation such as formamidinium (FA+) or methylammonium 
(MA+). The B position is most commonly Pb2+, however, there are examples of Sn2+ or 
Bi3+ perovskites.149 The X position is occupied by a halide such as Br- or I-. Varying the 
halide used in the cell is a simple and efficient way to optimize the absorption of the 
photovoltaic perovskite material.150 
 
Figure 4.1 - ABX3 Perovskite Unit Cell (Adapted from Reference 151) 
 The perovskite active layer material is positioned between an electron- and hole-





A diagram of a typical perovskite solar cell is shown in Figure 4.2. In the traditional device 
architecture, the perovskite is infiltrated with a mesoporous scaffold comprised of TiO2. 
The titanium oxide is the hole-blocking and electron transport layer within the device 
architecture. A p-type semiconducting hole-transport material is then deposited onto the 
perovskite surface. This resulting hole-transport layer (HTL) facilitates hole-extraction 
from the active layer to the electrode while simultaneously acting as an electron-blocking 
layer. 
 
Figure 4.2 - Perovskite Device Architecture 
 
 A wide variety of organic and inorganic hole-transport layer materials have been 
reported in recent years. Among the most commonly used materials are inorganic CuSN,152 
CuI,153 NiOx nanoparticles, 
154,155 and organic small molecules. Since the energy levels of 
organic small molecule HTMs are able to be tuned via synthetic modification, these 
materials are currently being intently studied in both the synthetic and device engineering 
fields. The most effective small molecule to date is 2,2′,7,7′-tetrakis(N,N′-di-p-methoxy-





OMeTAD is predominately due to its optoelectronic properties with a high laying LUMO 
and shallow HOMO providing the needed energy alignment with the lead perovskite active 
layer. This energy alignment allows spiro-OMeTAD to act as both an efficient hole-
acceptor and electron-blocking layer simultaneously. Unfortunately, this small molecule 
has a complex synthetic preparation that is not industrially feasible for large scale 
applications.156 As a result, there has been a great deal of interest in designing hole-
transport materials that are structurally similar to spiro-OMeTAD. Some promising spiro-
OMeTAD alternatives have incorporated xanthenes, fluorenes, or thiophenes while 
maintaining the OMeTAD unit (Figure 4.2).157,158,159  The ideal p-type semiconductor 
should still fulfill requirements such as sufficient hole mobility as well as excellent thermal 
and photochemical stability. The key role of a hole-transport layer material is to facilitate 
the hole-transfer process from the perovskite layer (by possessing suitable energy level 
alignment with the valence band energy of the perovskite) and then moving the positive 
charges to the anode to be collected for power generation.160  Herein, the preliminary 
synthesis, optical and electronic properties, and thermal properties of a series of 
benzodifuran p-type hole-transport materials are reported. These novel materials utilize an 
innovative thiophene spaced benzodifuran electron rich core which has been coupled with 
the extended OMeTAD end-cap unit. This series allows for the systematic investigation of 
substitution patterns of both alkyl chains and the orientation of thiophene spacer units on 






SECTION THREE: PRELIMINARY RESULTS 
Synthesis 
The route for the synthesis of our first preliminary small molecule is shown below 
in Scheme 4.1. To develop the initial OMeTAD cross-coupling partner, Compound 5, 4-





bromo-N,N-bis(4-methoxyphenyl)aniline (Br-OMeTAD), was synthesized using copper-
catalyzed Ullmann N-aryl cross-coupling and a Dean Stark Trap. 161  Next, the Br-
OMeTAD was lithiated with n-BuLi and quenched with 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane to yield the final cross-coupling partner 4-methoxy-N-(4-
methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline. To 
produce our preliminary compound of interest, the OMeTAD boronic ester (Compound 
5) was cross-coupled with the TIPS-BDF (Compound 4) core. The synthesis of 
Compound 4 is discussed in detail in Chapter 2 and summarized in Scheme 4.1. Lastly, 
the TIPS group was removed using tetra-n-butylammonium fluoride to generate the final 
HTM Compound 7. 
 
Scheme 4.1 - Synthesis of TIPS BDF OMeTADs 
The second preliminary system was designed to introduce solubilizing alkyl groups 





it is important that the HTM be readily soluble in common organic solvents such as toluene 
or chlorobenzene. The BDF core was modified as shown in Scheme 4.2 to introduce decyl 
alkyl chains within the core structure. Here, instead of using 2-iodothiophene, 3-decyl-2-
ethynylthiophene 162  was synthesized and cross-coupled with 1,4-diiodo-2,5-
dimethoxybenzene (Compound 8) to generate Compound 9. This core precursor was then 
cyclized utilizing the iodine cyclization chemistry previously discussed in Chapter 2 to 
generate Compound 10.  Lastly, a Suzuki cross coupling was performed with Compound 
10 and the OMeTAD boronic ester (Compound 5) to generate the second target 
Compound 12. 
 
Scheme 4.2 - Synthesis of C10 – BDF-OMeTAD (Compound 12) 
Currently, these materials are being tested in perovskite solar cell devices. 
Unfortunately, the data generated from experimentally testing these materials as HTMs as 





the optical and electrochemical properties of these two materials are discussed in detail 
below. 
Optical, Electronic, and Thermal Properties 
Figure 4.4 and Figure 4.5 illustrate the normalized absorption and emission spectra 
recorded for the C10 – BDF-OMeTAD and H – BDF-OMeTAD series. The solution 
measurements were performed using 10-5 M solutions in CHCl3. The films were cast-
dropped from 10mg/mL CHCl3 solutions. The relevant optical features and electronic data 
are shown in Table 4.1. The solution UV-Vis absorption maxima were 339nm and 360nm 
and are shifted to 342nm and 364nm in films for the C10 – BDF-OMeTAD and H – BDF-
OMeTAD, respectively.  H – BDF-OMeTAD also shows a pronounced absorption peak 
at 310nm in solution and film. Since this band is present in both solution and film state, it 
is likely due to intramolecular charge transfer (ICT) promoted by the lack of auxiliary alkyl 
insulation or steric hindrance. 
 The solution emission spectra maxima are centered at 480nm and 498nm for the 
C10 – BDF-OMeTAD and H – BDF-OMeTAD, respectively (Figure 4.4). The optical 
bandgap (Eg
opt) was estimated at the intersection of the normalized absorption and emission 
spectra in solution and were found to be 2.97eV and 2.89eV for the C10 – BDF-OMeTAD 
and H – BDF-OMeTAD, respectively. These bandgap values are slightly narrower than 
that of spiro-OMeTAD that has an Eg
OPT of 3.05eV in solution. These optical, electronic, 
and thermal properties are summarized in Table 4.1 along with the hallmark spiro-






Figure 4.4 - Normalized absorbance (solid line) and emission (dashed line) spectra recorded for Alkyl and Non-
Alkyl OMeTADs in solution (CHCl3). 
 





 The HOMO levels were measured using Cyclic Voltammetry and are summarized 
in Table 4.1. Compound C10 – BDF-OMeTAD has a deeper HOMO value of -5.25eV 
compared to -5.10eV for the H – BDF-OMeTAD and -5.16eV for the Spiro-OMeTAD. 
Although the HOMO value of the C10- analog is slightly deeper, looking at the energy 
diagram in  
Figure 4.6 it is seen that the HOMO level is still higher than that of the perovskite at -
5.48eV. As a result, it is unlikely that this slightly lower HOMO level will negatively 
influence the performance of this material as a HTL.  Next, the LUMO levels were 
estimated from the Eg
OPT and the HOMO levels. Both C10 – BDF-OMeTAD and H – 
BDF-OMeTAD have deeper LUMOs than that of spiro-OMeTAD. Fortunately, when 
considering the perovskite HOMO of -3.93eV, the LUMO values of both C10 – BDF-
OMeTAD and H – BDF-OMeTAD are shown to be high enough that these materials will 
sufficiently block electron transport as intended. An illustration of the energy alignments 
for C10 – BDF-OMeTAD, H – BDF-OMeTAD, spiro-OMeTAD, and the perovskite 
(CH3NH3PbI3) is shown in  
Figure 4.6. Unfortunately, glass transition temperatures (Tg) of these materials were not 
able to be obtained prior to the publication of this Dissertation. However, 5% weight loss 
temperatures (Td) of C10 – BDF-OMeTAD and H – BDF-OMeTAD are well above the 






Table 4.1 - Optical and Electronic Properties Compared to Spiro-OMeTAD Reference 159 
 
 






SECTION FOUR: FUTURE WORK – SYNTHESIS 
 Future work in the development of new BDF HTMs will ultimately be driven by 
feedback from the perovskite solar cells that are currently being fabricated and tested. 
However, in the meantime, work is currently being done to further develop BDF HTMs by 
incorporating increased planarity and two-dimensional conjugation into the backbone. The 
proposed synthetic scheme for the continued development of extended, π-spaced BDF 
HTMs is described below in Scheme 4.3. Starting with Compound 5, Suzuki cross 
coupling is utilized to develop the extended thiophene OMeTAD Compound 13. The 
extended thiophene OMeTAD can then be treated with n-BuLi and 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane to yield the boronic ester, Compound 14. Next, 
Compounds 10 and 14 can be cross-coupled to introduce a thiophene π-spacer into the 
OMeTAD / BDF scaffold. Lastly, Compound 15 will be brominated to yield Compound 
16. This material can then be cross-coupled with Compound 5 to yield the desired small 






Scheme 4.3 - Proposed Synthesis for Extended π- spaced BDF HTMs 
The next BDF HTM target investigates the planarity of the small molecule core on 
device performance. To synthesize this material, two auxiliary thiophenes will be fused 
together to generate a planar, ridged BDF backbone. The proposed synthesis of this target 
molecule is outlined in Scheme 4.4. First, the starting material, Compound 19 will be 
132 
synthesized following literature procedures.162 Next, 4,4,5,5-tetramethyl-2-(thiophen-2-
yl)-1,3,2-dioxaborolane will be used to cross couple onto the core Compound 19 to yield 
Compound 20. The auxiliary thiophenes can then be oxidative ring-closed with FeCl3 and 
CH3NO2/DCM to produce Compound 21. The resulting material can then be brominated 
to allow for further cross coupling with the boronic ester OMeTAD to yield the final 
molecule Compound 23. 
Scheme 4.4 - Proposed Synthesis for Fused, Planar BDF HTMs
133 
SECTION FIVE: GENERAL CONCLUSIONS 
Hybrid organic-inorganic perovskites solar cells combine the benefits of organic 
and inorganic semiconducting materials. These beneficial properties include increased 
light harvesting properties, wide absorption profiles, and solution processability. The 
benzodifuran core is of particular interest as a HTM because of its ability to be modified 
synthetically. By developing a HTM that is able to be synthetically modified, it is possible 
to independently investigate families of HTMs to further elucidate structure-property 
relationships. Because of the synthetic tenability of the BDF core, it is possible to quickly 
investigate a variety of structural modifications, such as the introduction of two-
dimensional conjugation or increased planarity, to understand how these parameters impact 
device performance (Figure 4.7).  





SECTION SIX: EXPERIMENTAL 
Materials 
Tetrahydrofuran (THF) and toluene were dried using an Innovative Technologies 
solvent purification system. All other chemical reagents were purchased from commercial 
sources and used without further purification unless otherwise noted. 
Characterization 
Nuclear magnetic resonance (NMR) experiments were carried out in CDCl3 at 400 
or 500 MHz (1H), 126 MHz (13C). In all spectra, chemical shifts are given in δ relative to 
the internal solvent reference peak. Coupling constants are reported in hertz (Hz). All 
solution UV-Vis and fluorescence spectra were obtained using 1x10-5 M chloroform 
solutions in 10 mm path length quartz cells unless otherwise noted. Photoluminescence 
spectra were obtained on a Varian Cary Eclipse spectrophotometer. Cyclic voltammetry 
was performed using an e-DAQ e-corder 410 potentiostat with a scanning rate of 100 mV/s. 
Synthesis 
4-bromo-N,N-bis(4-methoxyphenyl)aniline (Br-OMeTAD):161  To a 500 mL two-neck 
round-bottom flask, a mixture of 4-bromoaniline (8.60g, 50mmol), 4-Iodoanisole (29.25g, 
125mmol), 1,10-Phenanthroline (1.80g, 10mmol), CuCl (0.98g, 10mmol), KOH (22.44g, 
400mmol) and toluene (300mL) was added and refluxed for 24 h with a Dean Stark Trap 
under Nitrogen atmosphere. After evaporating the solvent, the remaining crude product 
was extracted with dichloromethane, washed with water three time, NH4Cl three times, and 





column chromatography on silica gel with Hexanes:Dichloromethane (4:1). The product 
was then recrystallized from ethanol to afford the desired product as white-orange flaky 
crystals. 10.42g (54% yield). 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 8.4 Hz, 2H), 7.02 
(d, J = 8.2 Hz, 4H), 6.83 – 6.75 (m, 6H), 3.79 (s, 6H). 
4-methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)aniline (Compound 5):  Br-OMeTAD (9.60g, 24.98mmol) was first dissolved 
in dry THF (100 mL) and 2.5 M of n-butyllithium in hexane (2.5M, 12 mL, 30 mmol) was 
injected into the reactor at -78 °C under Nitrogen atmosphere. After the mixture was stirred 
for 1hr, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6.12ml, 30mmol) was 
added into the mixture and the reaction was warmed slowly to room temperature. After 12 
hours, water was added to the reaction. The organic layer was extracted with 
dichloromethane, and the combined organic layer was washed with a saturated brine 
solution and dried over MgSO4. The filtrate was evaporated, and the residue was 
recrystallized with methanol to give of 7.99 g of white solid (74% yield). 1H NMR (400 
MHz, CDCl3): δ 7.60 (d, J = 8.3 Hz, 2H), 7.06 (d, J = 8.0 Hz, 4H), 6.85 (m, 6H), 3.80 (s, 
6H), 1.32 (s, 12H). 
2,2'-((2,5-Dimethoxy-1,4-phenylene)bis(ethyne-2,1-diyl))bis(3-decylthiophene) (9). A 
250ml RBF was charged with Compound 8 (6.0g, 15.39mmol), PdPPh3Cl2 (540mg, 
0.77mmol), CuI (0.29g, 1.54mmol), PPh3 (0.40g, 1.54mmol) then purged and back filled 
three time. A deoxygenated solution of 2:1 THF and freshly distilled Et3N was cannulated 





33.93mmol). The reaction mixture was stirred at room temperature overnight. The solvent 
was removed in vacuo and the resulting slurry poured into water and extracted with CH2Cl2 
three times. The combined organic layers were dried over MgSO4, the solvent removed, 
and the product purified using column chromatography on silica using a gradient of hexane 
to hexane/ethyl acetate (99:1) to hexane/ethyl acetate (9:1) as the eluent. The resulting 
yellow solid was further purified by recrystallization from hexanes/ethanol. The product 
was collected by filtration and rinsed with cold ethanol to afford bright yellow crystals 
(8.83g, 91%). 1H NMR (400 MHz; CDCl3) δ 0.88 (6H, t, J = 6.8 Hz), 1.20-1.40 (28H, m), 
1.69 (4H, p, J = 7.3 Hz), 2.77 (4H, t, J = 7.6 Hz), 3.88 (6H, s), 6.90 (2H, d, J = 5.1 Hz), 
6.98 (2H, s), 7.19 (2H, d, J = 5.1 Hz); 13C NMR (150 MHz; CDCl3) δ 14.34, 22.89, 29.55, 
29.59, 29.68, 29.76, 29.85, 29.87, 30.47, 32.11, 56.56, 88.44, 91.84, 113.53, 115.07, 
118.43, 126.42, 128.45, 148.45, 153.89. 
2,6-Bis(3-decylthiophen-2-yl)-3,7-diiodobenzo[1,2-b:4,5-b']difuran (Compound 10). 
Compound 9 (8.28 g, 13.1mmol) was dissolved in 150 mL of CH2Cl2 and cooled to 0°C. 
With vigorous stirring, a solution of 3 equivalence of iodine (9.99 g, 39.3mmol) in 200 mL 
of CH2Cl2/Hexanes (3:1) was added dropwise. Upon completion of the addition, the 
reaction was stirred at 0°C for 4 hours and then quenched by the addition of 100 mL of 
saturated aqueous sodium thiosulfate. The layers were separated, and the aqueous layer 
was extracted three times with CH2Cl2. The organic layers were combined, dried over 
MgSO4, the solvent removed in vacuo, and the crude product purified by recrystallization 





MHz; CDCl3) δ 0.88 (6H, t, J = 6.6 Hz), 1.22-1.40 (28H, m), 1.68 (4H, p, J = 7.2 Hz), 2.90 
(4H, t, J =7.7 Hz), 7.05 (2H, d, J = 5.1 Hz), 7.42 (2H, d, J = 5.1 Hz), 7.47 (2H, s). 
 General Procedure for Suzuki Cross-coupling Reactions (Compounds 6 & 12): To a 
mixture of Compound 11 (3 equivalence), KOH (10 equivalence), BDF core 4 or 10 (1 
equivalence), and Pd(PPh3)4 (0.05 equivalence) in THF (100ml) under nitrogen was added 
deionized water (10ml) by syringe. The reaction mixture was then heated at 80°C 
overnight. Next, the mixture was poured into 100 mL of water and extracted with CH2Cl2 
three times. The combined extracts were washed by saturated water, NH4Cl, brine, and 
then dried over MgSO4. After removal of the solvent, the residue was purified by column 
chromatography using Chloroform to give products as fine yellow powders. (6, 1.32g, 
94%) (12, 1.25g, 89%). Compound 6: 1H NMR (500 MHz, CDCl3) δ  7.52 (s, 2H), 7.48 
(d, J = 3.6 Hz, 2H), 7.40 (d, J = 8.7 Hz, 4H), 7.16 (d, J = 2.4 Hz, 4H), 7.15 (d, J = 2.8 Hz, 
4H), 7.07 (d, J = 8.6 Hz, 4H), 6.88 (d, J = 9.0 Hz, 8H), 3.83 (s, 12H), 1.36 – 1.30 (m, 6H), 
1.11 (d, J = 7.4 Hz, 36H). Compound 12: 1H NMR (500 MHz, CDCl3) δ 7.70 (s, 2H), 7.32 
(d, J = 5.1 Hz, 2H), 7.31 – 7.26 (m, 4H), 7.11 (d, J = 8.6 Hz, 8H), 6.98 (d, J = 8.3 Hz, 4H), 
6.92 (d, J = 5.1 Hz, 2H), 6.86 (d, J = 9.0 Hz, 8H), 3.81 (s, 12H), 2.54 – 2.48 (m, 4H), 1.48 
– 1.42 (m, 4H), 1.19 (s, 28H), 0.84 (t, J = 7.0 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 
155.78, 151.53, 147.88, 146.41, 143.10, 140.67, 129.71, 128.99, 127.40, 126.61, 126.15, 
123.86, 120.18, 119.07, 114.58, 100.83, 77.16, 76.91, 76.65, 55.37, 31.76, 31.48, 30.06, 





General Procedure for TBAF Deprotection (Compound 7):  Compound 6 was added 
to a dry, one neck round bottom flask. The reaction vessel was then charged with 100ml of 
anhydrous THF. The reaction was cooled to 0°C and TBAF (4 equivalence) was added in 
one portion. The reaction was brought to room temperature and stirred overnight. The 
reaction mixture was poured into NH4Cl and extracted with chloroform. The extract was 
washed with water three times followed by brine and then dried over MgSO4. The solvent 
was then removed, and the crude product was purified by column chromatography using 
Chloroform as an eluent. The resulting solid was then stirred in hot ethanol to give the final 
product as fine yellow powder. (7, 0.86g, 89%). Compound 7: 1H NMR (500 MHz, 
CDCl3) δ 7.51 (s, 2H), 7.42 (d, J = 2.9 Hz, 2H), 7.38 (d, J = 8.8 Hz, 4H), 7.26 (s, 2H), 7.18 
(d, J = 8.9 Hz, 8H), 7.07 (s, 4H), 7.02 (dd, J = 5.0, 3.8 Hz, 2H), 6.89 (d, J = 8.9 Hz, 8H), 
3.83 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 156.15, 151.28, 148.72, 147.15, 140.86, 
133.31, 130.58, 129.21, 127.54, 127.03, 125.84, 125.28, 123.25, 120.34, 117.21, 114.91, 





SECTION SEVEN:  SPECTRAL CHARACTERIZATION 
NMR Spectra 
 














































Figure 4.15 – CV of C10 - BDF-OMeTAD Film 
 






Figure 4.17 – CV of H - BDF-OMeTAD Film 
 






CHAPTER FIVE:  SYNTHESIS OF ITERATIVELY GROWN OLIGOMERS: AN 
INSIGHT INTO EFFECTIVE CONJUGATION 
SECTION ONE: ABSTRACT 
The synthesis of monodisperse conjugated oligomers has been a challenge faced by organic 
material scientists since the 1980s. This work presents the use of iterative growth synthetic 
strategy that has been modified to be carried out using a flow chemistry platform. With this 
technology, it is possible to simplify the synthesis of complex materials by implementing 
a continuous process to reduce or eliminate purification steps while purposefully 
controlling or suppressing the formation of side products during the Sonogashira cross-
coupling. Herein, we will discuss the synthesis of oligomeric materials with a precise 
number of repeat units. 
SECTION TWO: INTRODUCTION 
 The synthesis of polymers with precise, well-defined degrees of polymerization and 
chemical composition is a major focus for organic and polymer chemists alike.163 Since 
oligomers are often used as ideal models for theoretical studies, further understanding their 
physical properties would greatly improve computational predictive algorithms. 164  
Functional oligomers are critical to the development of molecular devices and could be 
invaluable in the development of microelectronics, nanotechnology, and organic 
photovoltaic (OPV) active layer materials.165,166 This last application, designing oligomeric 
OPV materials, is of particular interest as material fundamentals, such as effect conjugation 
length and optical-electronic structure-property relationships, are difficult to study using 





molecular weight is a direct measure of the lack of uniformity of a material and makes it 
nearly impossible to draw conclusions with system-to-system comparisons. 
 Our initial efforts to overcome this dispersity by designing oligomeric materials for 
use in OPV applications focused on an electron donating 1,4-phenyleneethynylene 
semiconductor system. Here, we sought to synthesize molecules with an alkyne link 
between the repeat units using Sonogashira cross-coupling reactions. The method for 
oligomerization involved: orthogonally protecting the ends of the monomer, splitting the 
batch of this synthon, and then selectively deprotecting either end to prepare for 
Sonogashira cross coupling. A variation of this work was previously reported by Tour 
using a desilylation/coupling synthesis strategy.167,168 In Tour’s work, the oligomer was 
grown stepwise in both directions from a core molecule to avoid isolating air-sensitive 
intermediates. Although this method yielded well-defined oligomers with reasonable 
purity, there were concerns related to the poor solubility of the by-products as well as the 
time intensive synthesis. In 2005, Li expanded upon this oligomer design with the use of 
an iterative divergent/convergent strategy for the synthesis of oligo(1,4-
phenyleneethynylene)s obtaining oligomers up to four repeat units (Figure 5.1). 169 
Troubled by the almost 20% decrease in yield upon transition from a dimer to a tetramer, 
we have decided to implement a flow regime to increase overall yield. Herein, we use UV-
Vis spectroscopy to monitor oligomeric growth and matrix-assisted laser 
desorption/ionization (MALDI) to demonstrate that the synthesized molecules are indeed 





towards the synthesis of oligo(1,4-phenhylene ethynylene)s and are discussed in detail 
below. 
 
Figure 5.1 - Li Tetramer Synthesis (Adapted from Reference 169) 
 
SECTION THREE: RESULTS AND DISCUSSION 
Platform 1 – Copper Coil 
The first cross coupling platform was initially modeled after a copper tube reactor 
first published by researchers at Novartis in 2011.170  This reactor uses commercially 
available copper tubing as the reactor coil and tetrabutylammonium acetate (TBAA) 
instead of a traditional amine base. Notably, this design is often palladium free and 
therefore follows a more Castro–Stephens type mechanism instead of a traditional 





reusability, it should be noted that a palladium catalyst is necessary if the scientist desires 
to cross-couple sterically hindered or brominated substrates. A model schematic of our 
engineered reactor is shown in Figure 5.2. In this reactor, each syringe is charged with 
solutions of either the iodinated substrate (B) or the deprotected alkyne substrate (A) shown 
below. These two solutions are then combined at a mixing T-joint and then pumped through 
a heated reaction coil using a standard Harvard syringe pump. The notable results for the 
initial trials are summarized in Table 5.1. 
 
Figure 5.2 - Copper Coil Flow Reactor 
 
As an initial proof of concept, the literature substrates and conditions were used to 
determine if the flow system was correctly assembled and functioning properly. This initial 
screen produced the literature product as monitored by TLC. Next, the initial conditions 
were used on our substrates as shown in Figure 5.2. Unfortunately, no reaction was seen 
using TBAA and so this base was exchanged for Et3N or i-Pr2NH as noted in Table 5.1. 
Furthermore, our substrates were not soluble in DMF and so THF was substituted for 





a THF/Et3N solvent system versus THF/i-Pr2NH that showed no reaction of the substrates. 
Upon further optimization from Run 8 to Run 12, the residence time was increased from 
30 minutes to 90 minutes without a notable increase in desired product formation. Next, 
the catalyst loading (in units of mol%) of palladium catalyst was considered. In Run 12 
versus Run 13, the catalyst loading was doubled from 0.5% to 1% and, again, there was no 
notable increase in product formation under these conditions. 
It was encouraging to see that the designed reactor was producing even trace 
product; however, it was apparent from the experimental output that the copper tube reactor 
was not ideal for our desired cross coupling reaction. The monomer materials were not 
particularly soluble in the solvents compatible with the reactor design and so several 
modifications were needed to solubilize the starting materials and flow them through the 
reactor. Also, with having to incorporate a traditional amine base, there was a devastatingly 
large amounts of amine salt formed inside the reaction coil. While the salt formation is a 
strong indicator that the catalytic cycle is proceeding, this solid formation eventually led 






Table 5.1 - Copper Coil Reaction Conditions 
Platform 2 – Solid Supported Catalyst 
 The second generation reactor coil was modeled after a reaction platform designed 
by Voltrova and Srogl in 2014. 171   This reactor uses a catalyst bed packed with 
commercially available 5% Palladium on alumina. Depending on solubility, this reaction 
platform has the potential to be base-free where dimethylacetamide (DMA) can be used 
instead of a traditional amine base. The reaction platform schematic is shown in Figure 
5.3. During these trials, it was decided to take a step backwards in the synthesis and 
optimize the platform with the target monomer precursors instead of the synthetically 
challenging orthogonally protected monomers used previously. 














































Figure 5.3 - Solid Support Catalyst Flow Reactor 
 
 The catalyst bed was tested using the iodobenzene and ethynylbenzene as the initial 
proof of concept. The resulting product yield was consistent with the yields reported by 
Srogl. When applying the reported literature method to our chosen cross coupling partners, 
it was found that the substrates were not soluble in the THF/DMA solvent mixture. When 
the concentrations was lowered to improve solubility, the two substrates separated on the 
alumina packing materials and eluted from the reactor in two distinct bands. Attempts to 
increase the flow rate to enhance mixing led to increased pressure at the packed bed reactor 
interface. This pressure ultimately led to reactor failure. To overcome this issue, the proof 
of concept reaction was performed once more using a THF/Et3N solvent system. The 
product output with the modified reaction solvent was consistent with previous reports. As 
a result, the optimization reactions using the monomer system shown in Figure 5.3 were 
performed using THF/Et3N in a ratio of 9:1. 
  A summary of the reaction conditions and results for the dibrominated substrate 
trials are shown in Table 5.2. Looking first at Run 2 and Run 3, increasing the temperature 





dehalogenation of the majority of starting material. From these results, it was seen that, 
while the palladium cycle was active, the copper cycle is potentially inactive from the lack 
of desired product or other side products. To combat this, the copper loading was increased 
from 5mol% to 10mol% in Run 3 and Run 11 respectively. The increase in the copper 
loading did not influence the overall result and dehalogenated starting material was the 
primary product while no desired product was formed. The next variable that was 
considered was the mixing of substrates. To increase the mixing, the flow rate was 
increased from 0.1mL/min in Run 11 and to 0.2mL/min in Run 3. Unfortunately, increasing 
the flow rate did not have the desired effect and only dehalogenated material and starting 
material was seen at the end of the reaction. 
 
Table 5.2 - Solid Support Catalyst Reaction Conditions using Brominated Substrate 
 
 






































The next course of action was to exchange the dibrominated material for the 
diiodinated precursor monomer. It has been noted through literature that iodinated 
substrates have a higher reactivity in Sonogashira cross-coupling reactions, which is only 
amplified by applying a flow platform. The experiments and results for the iodinated 
substrate are summarized in Table 5.3. While THF/Et3N was the optimized solvent system 
for the brominated starting material, the same was not true for the diiodinated starting 
material. This particular substrate was not readily soluble in THF and so Toluene/i-Pr2NH 
was used instead. It should be noted that the Toluene/i-Pr2NH solvent system was also 
tested with the dibrominated substrates and yielded results consistent with those previously 
discussed. As seen in Runs 29-31, similar flow rate and reaction conditions were applied 
when compared to the brominated substrate trials. However, the cross-coupling reactions 
with the iodinated substrates could be performed at slightly lower temperatures without 
compromising the effectiveness of the reaction. While the initial screenings of the packed 
catalyst bed reactor were encouraging, the system was still plagued with insoluble salts that 
ultimately led to reactor fouling and eventual failure. The solubility of our starting 
materials was also a concern, as the system was unable to handle any sort of precipitated 






Table 5.3 - Solid Support Catalyst Reaction Conditions using Iodinated Substrate 
 
Platform 3 – Fluorinated Ethylene Propylene as an in-stream spacer 
The third generation reactor coil was modeled after a reaction platform designed by 
Martin Heeney and John C. de Mello.172 The model reactor is one of a few examples of 
droplet-based polymerizations in flow. By modifying this reactor coil set-up, we were able 
to design a platform that uses a simple injection method that is easy to modify. The use of 
fluorinated ethylene propylene (FEP) causes reaction droplet formation, or slug flow, 
which allowed for increased mixing within the reaction droplet. In addition, the FEP 
preferentially wets the inside of the tubing preventing reactor fouling and failure. The FEP 
oil is also quite viscous and can be used to suspend solids at the onset of the reaction or 
during the reaction. Initial testing was performed using the diiodinated substrate shown in 
Figure 5.4. The reaction conditions optimized in the packed bed catalyst reactor were 
tested and found to be satisfactory. As a result, the initial screenings were predominately 
conducted to optimize time and temperature as summarized in Table 5.4. 
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Figure 5.4 - Fluorinated Ethylene Propylene as an in-stream spacer Flow Reactor 
Table 5.4 - Fluorinated Ethylene Propylene as an in-stream spacer Reaction Conditions 
This initial testing provided a starting point for optimizations of the target dimer 
series; however, it should be noted that the solubility and other material properties for the 
monomer precursors and iterative growth monomers shown in Figure 5.4 and 
Figure 5.5 are quite different.  As a result, the dimer reaction shown in 
Figure 5.5 were first conducted in a Monowave Paar reactor. The results of this 
screening are summarized in Table 5.5. As shown in trial entries Monowave 1-3, the first 
optimization screening was for temperature. This initial temperature screen is necessary 






























since the phenyltriazene unit is moderately temperature sensitive and prone to 
decomposition at elevated temperatures. 
The next parameter to optimize was the length of reaction (resonance time). As 
shown in Table 5.5 entries Monowave 2 and 5, the increase of time from 30 minutes to 90 
minutes showed an increased yield of product. Lastly, the Palladium catalyst loading was 
evaluated. As shown in Monowave entries 5, 9, and 10, there is a significant increase in 
overall product yield as the catalyst loading is increased to 10% Pd(PPh3)2Cl2. The 
optimized Monowave conditions were next applied to our flow platform. The optimized 
Monowave conditions using 160°C, 90 minutes, and 10% catalyst loading produced the 
desired dimer in 95% isolated yield. 






Table 5.5 - Monowave Trials and Optimized Flow Reaction Conditions 
 
The absorption, emission, and molecular weight data is shown in Figure 5.6. The 
orthogonally protected monomeric material absorbed at 374 nm and the dimer spectra red-
shifted by approximately 20 nm with an absorption maxima at 393 nm.  The emission 
spectra also shifted compared to the monomer and broadened as a result of the doubling of 
the conjugation length. The crude MALDI shows a well-defined, monodisperse oligomer 
with m/z of 642 for the monomer and 1211 for the dimer. It is worthwhile to note that the 
mass reported in the MALDI below is the mass of the desired oligomer without 
diethyltriazene. This deprotection in the MALDI spectra is due to the protecting group not 

















Monowave 1 180 30 4% 0.1 M 
Decomp 
Both SM 
Monowave 2 160 30 4% 0.1 M 
Product 
Both SM 
Monowave 3 140 30 4% 0.1 M Starting Material 
Monowave 5 160 90 4% 0.1 M 
Product 
Both SM 
Monowave 9 160 90 8% 0.1 M 60% Product 
Monowave 11 160 90 10% 0.1 M 80% Product 






acid (DHB). The peak located at 742 m/z corresponds to monomer material bearing the 
diethyltriazene protecting group, while the peak at 698 m/z corresponds to the 1,4-
bis(dodecoxy)-2,5-diiodobenzene material used to synthesize the oligomer monomer.  
Future work for this project includes the continued effort towards synthesizing the tetramer, 
octamer, and 16-mer. 
 






SECTION FOUR: FUTURE WORK – COPPER FREE SONOGASHIRA 
Reactor Design and Methods 
Although the dimer was successfully synthesized, the desired tetramer and octamer 
were elusive with the current reactor design. Even though the FEP spacer did serve its 
purpose of inducing effective mixing and resulted in an increase of the overall reaction 
efficiency, there were still considerable problems surrounding the overall solubility of the 
complex reaction mixture. While traditional Sonogashira conditions may be suitable for 
these reactions in batch, it has become increasingly apparent that alternative cross-coupling 
platforms need to be investigated for Sonogashira-like cross couplings in flow. 
 A copper-free Sonogashira cross-coupling reaction is an attractive alternative to 
traditional methods because these reaction conditions can limit the formation of 
undesirable side products and resulting amine salt. Furthermore, omitting the copper 
catalyst simplifies the solvent system required to solubilize the initial reaction mixture. 
One particular set of batch copper-free Sonogashira conditions, first suggested by Xie et 
al, are of interest as the stated conditions eliminates the use of both copper and an amine 
base in the solvent mixture.173 The formation of insoluble amine salts over the course of 
the reaction is by far one of the most pressing and difficult to overcome technical 
difficulties encountered when attempting to optimize the flow Sonogashira conditions. By 
eliminating the use of an amine base in solution, it is possible to limit and/or control the 
production of insoluble salts as the reaction progresses. 
 During the course of their batch investigation, Xie et al used acetonitrile as their 





of this, initial solvent screening was performed using either tetrahydrofuran or toluene as 
the reaction solvent with great success and rapid conversion of starting material to product 
within four hours. With batch proof of concept in hand, the next steps are to design and 
prepare a flow reactor prototype. One such reactor prototype is outlined below in Figure 
5.7. In this reaction scheme, reagents are flowed together and mixed with the catalyst and 
ligand system at the T-joint. From here, the reaction encounters a packed bed reactor that 
contains Cs2CO3 that has been mixed with sand to increase mixing and surface area while 
decreasing backpressure at the reactor head. The reaction mixture is then flowed through a 
heated reaction coil, through a backpressure regulator, and then collected at the end of the 
reactor. 
 
Figure 5.7 - Proposed Copper-Free Sonogashira Flow Reactor 
 
SECTION FIVE: GENERAL CONCLUSIONS 
Extending the conjugation along a semiconducting polymer backbone by 
increasing the effective conjugation length is one of the most common ways to tune the 
optical bandgap. By increasing the conjugation of the system, it is possible to 





lowering the energy gap. Doing this helps to maximize the absorption of light, increases 
the ability of the material to harvest photons across the spectrum, and ultimately improves 
the photocurrent. Herein, three systematic models to produce oligomers to generate 
materials suitable for use in studying effective conjugation have been discussed. It has been 
demonstrated in the literature that a semiconducting material need not be thousands of units 
long to efficiently generate a charge transfer state.174 Instead, we need to further investigate 
methods to design materials of well-defined length. By doing this, the relationship between 
structure and material properties can be realized and used in the design of novel 
semiconducting materials. The use of a flow regime to systematically produce oligomers 
of known length could not only streamline laboratory production of new systems, but also 
be used to bridge the gap between the laboratory and industry settings. 
SECTION SIX: EXPERIMENTAL 
Materials 
Tetrahydrofuran (THF) and toluene were dried using an Innovative Technologies solvent 
purification system. All other chemical reagents were purchased from commercial sources 
and used without further purification unless otherwise noted. 
Characterization 
Nuclear magnetic resonance (NMR) experiments were carried out in CDCl3 at 400 or 500 
MHz (1H), 101 MHz (13C). In all spectra, chemical shifts are given in δ relative to the 
internal solvent reference peak. Coupling constants are reported in hertz (Hz). MALDI 





spectrometer and a matrix of 2,5-dihydroxybenzoic acid (DHB). All solution UV-Vis and 
fluorescence spectra were obtained using 1x10-6 M chloroform solutions in 10 mm path 
length quartz cells unless otherwise noted. Photoluminescence spectra were obtained on a 
Varian Cary Eclipse spectrophotometer.  
Synthesis 
 
3,3-diethyl-1-(4-iodophenyl)triaz-1-ene:  4-Iodoaniline (10g, 1 equivalence) was 
dissolved in 380 mL of acetonitrile, 160 mL of water, and 16.0 mL of concentrated 
hydrochloric acid and cooled to 0°C. A solution of 1.1 equivalence of NaNO2 (3.32g, 1.05 
equivalence) in 20 mL water was added slowly via syringe and the mixture stirred 45 min 
at 0°C. The mixture was transferred to a flask containing K2CO3 (21g, 3.30 equivalence) 
and diethylamine (9.5 mL, 2.00 equivalence) in 250 mL of H2O at 0°C. The reaction was 
allowed to slowly warm to room temperature and stirred for 2 hour before being extracted 
with diethyl ether. The combined organic layers washed with brine, dried over magnesium 
sulfate, filtered, and concentrated in vacuo. The crude product was then purified by flash 
chromatography using hexanes. 13.43 g of the desired product as an orange oil (97% yield). 
1H NMR (500 MHz, CDCl3) δ 7.61 (d, J = 8.8 Hz, 2H), 7.16 (d, J = 8.8 Hz, 2H), 3.74 (q, J 






3,3-diethyl-1-(4-((trimethylsilyl)ethynyl)phenyl)triaz-1-ene:  In a dry round bottom 
flask, 3,3-diethyl-1-(4-iodophenyl)triaz-1-ene (13g)  was added along with Pd(PPh3)2Cl2 
(0.02 equivalence), CuI (0.04 equivalence), and PPh3 (0.04 equivalence). The flask was 
purged and backfilled three times before adding deoxygenated THF/Et3N (2:1) and 
trimethylsilylacetylene then stirred overnight at room temperature. The reaction mixture 
was then poured into ice and extracted three times with dichloromethane. The combined 
organic layer were then washed with saturated aqueous NH4Cl, water, and brine. The 
organic layer was then dried with MgSO4, evaporated, then purified using column 
chromatography (Hex: Ethyl Acetate) to yield dark orange oil (97% yield). 1H NMR (400 
MHz, CDCl3) δ 7.42 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 3.76 (q, J = 7.2 Hz, 4H), 
1.27 (d, J = 7.8 Hz, 6H), 0.25 (s, 9H). 
 
3,3-diethyl-1-(4-ethynylphenyl)triaz-1-ene:  The protected alkyne compound was added 
to a 500 mL Erlenmeyer flask equipped with a stir bar and dissolved in methanol.  Next, 2 
equivalents of K2CO3 was added and the solution was stirred overnight. The solution was 





washed with water, brine, dried over MgSO4. The solvent was then removed and the 
compound was used without further purification. 1H NMR (400 MHz, CDCl3) δ 7.45 (d, 
J=8.8 Hz, 2H), 7.36 (d, J=8.8 Hz, 2H), 3.77 (q, J=7.2 Hz, 4H), 2.95 (s, 1H), 1.27 (t, J=7.2 
Hz, 6H). 
 
1,4-bis(dodecyloxy)benzene:  Hydroquinone (4.4 g, 40 mmol), bromododecane (24.9 g, 
100 mmol) and potassium carbonate (16.56 g, 120 mmol) were dissolved in 100 mL 
acetone and refluxed for 24 h. After cooling, the reaction mixture was poured into cold 
water and the precipitate was collected by filtration. The resulting solid was stirred in water 
for 2 hours, filtered, and recrystallized with ethanol to yield a white, flaky solid (65% 
yield). 1H (CDCl3, 400MHz): δ  6.82 (s, 4H), 3.89 (t, J = 6.6 Hz, 4H), 1.75 (m, 4H), 1.48 – 
1.39 (m, 4H), 1.28 (m, 32H), 0.88 (t, J = 6.8 Hz, 6H).); 13C-NMR (CDCl3, 400MHz): δ 
153.1, 115.3, 68.6, 31.9, 29.6, 29.4, 26.1, 22.7, 14.1. 
 
1,4-bis(dodecyloxy)-2,5-diiodobenzene:  In a 500 mL round bottom flask, a solution of 
H5IO6 (0.6 equivalence) and I2 (1.2 equivalence) in CH3OH (200 mL) was stirred for 10 





heated to reflux overnight. The resulting suspension was cooled, filtered, and the solid 
washed with cold CH3OH before being dissolved in CH2Cl2. The solution was then dried 
with MgSO4, filtered, and the solvent evaporated to afford a white crystalline solid (90% 
yield). 1H NMR (CDCl3, 400 MHz) δ 7.17 (s, 2H), 3.92 (t, J = 6.3 Hz, 4H), 1.84 – 1.75 (m, 4H), 1.53 
– 1.44 (m, 4H), 1.42 – 1.19 (m, 32H), 0.88 (t, J = 6.7 Hz, 6H).; 13C (CDCl3, 400MHz): δ 152.8, 122.7, 
86.3, 70.3, 31.9, 29.5, 26.0, 22.7, 14.1. 
 
1-(4-((2,5-bis(dodecyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)phenyl)-3,3-
diethyltriaz-1-ene:  In a dry round bottom flask the both the iodinated (1 equivalence) and 
alkyne (1.2 equivalence) starting materials were added followed by the addition of 
Pd(PPh3)2Cl2 (0.02 equivalence), CuI (0.04 equivalence), and PPh3 (0.04 equivalence). 
The flask was purged and backfilled three times before adding deoxygenated THF/Et3N 
(2:1) and trimethylsilylacetylene then stirred overnight at room temperature. TMSA (1.2 
equivalence) was then added to the reaction flask and refluxed for 24 hours. The reaction 
mixture was then poured into ice and extracted three times with dichloromethane. The 
combined organic layer were then washed with saturated aqueous NH4Cl, water, and brine. 
The organic layer was then dried with MgSO4, evaporated, then purified using column 





MHz, CDCl3) δ 7.48 (d, J = 8.6 Hz, 2H), 7.39 (d, J = 8.6 Hz, 2H), 6.96 (s, 2H), 3.99 (q, J 
= 6.3 Hz, 4H), 3.78 (q, J = 7.2 Hz, 4H), 1.85 – 1.77 (m, 4H), 1.50 (d, J = 6.1 Hz, 4H), 1.30 
– 1.21 (m, 38H), 0.89 (s, 6H), 0.26 (s, 9H). 
General Procedure for Deprotection of Alkyne:  Compound was placed in a round 
bottom flask equipped with a stir bar. Methanol and dichloromethane (1:1) were added 
followed by 2 equivalence of K2CO3. The reaction was stirred overnight, poured into water, 
extracted with DCM, washed with water three times, dried over MgSO4 and rotovapped to 
dryness. The compounds were used without further purification unless otherwise noted. 
1-(4-((2,5-bis(dodecyloxy)-4-ethynylphenyl)ethynyl)phenyl)-3,3-diethyltriaz-1-ene 
(Compound A):  1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.3 
Hz, 2H), 6.98 (d, J = 7.9 Hz, 2H), 4.00 (q, J = 6.1 Hz, 4H), 3.78 (q, J = 7.2 Hz, 4H), 3.33 
(s, 1H), 1.82 (m, 4H), 1.52 – 1.43 (m, 4H), 1.26 (m, 38H), 0.92 – 0.84 (m, 6H). 
1-(4-((2,5-bis(dodecyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)phenyl)-3,3-
diethyltriaz-1-ene (Compound B):  1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.6 Hz, 
2H), 7.39 (d, J = 8.6 Hz, 2H), 6.96 (s, 2H), 3.99 (q, J = 6.3 Hz, 4H), 3.78 (q, J = 7.2 Hz, 







SECTION SEVEN: EXPERIMENTAL SPECTRA 
NMR Spectra 
 












































CHAPTER SIX:  CONCLUSIONS 
This work has expanded on the use of benzodifuran based organic 
semiconductors in a wide variety of applications such as p-type donors, small 
molecule n-type acceptors, and hole-transport materials in perovskite solar cell 
semiconductor technologies. The benzodifuran materials described herein have 
been shown to have excellent potential for use in many application due to their 
facile synthesis via the Larock iodocyclization reaction. This synthetic route 
produces heterocycles bearing iododine functional handles at the 3 and 3’-
positions. These functional handles allow for subsequent addition of various 
substituents off the benzodifuran core. For example, two-dimensional cross-
conjugated structures can be prepared via cross-coupling reactions. These two-
dimensional structures can then be modified to fine-tune the optical and electronic 
properties of the resulting material. Broadly speaking, benzodifurans are a 
relatively un-tapped reservoir for the design of organic semiconductors. The study 
of this system can provide new information on structure/property relationships 
resulting in increased innovation in the development of nex-generation organic 
semiconductors. This work also demonstrated the potential for flow chemistry 
platforms to be used for the synthesis of monodisperse conjugated oligomers. This 
fundamental advancement has tremendous potential to revolutionize the field of 
organic electronic materials. Future work in these areas will advance the field 
organic electronics through the development of efficient, economically scalable 
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